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Abstract 


The  Engel  correlation  between  electronic  configurations  and  crystal 
structures  of  metallic  phases  is  confirmed  and  applied  to  the  binary  and 
multicomponent  systems  of  the  thirty  metals  of  the  ttoee  transition  series 
from  the  alkali  metals  to  the  nickel-platinum  group.  The  use  of  the  Engel 
correlation  to  obtain  electron  configurations  and  the  application  of 
internal  pressures  of  the  irietals  to  the  regular  solution  theory  together 
with  consideration  of  the  sizes  of  metal  atoms  makes  possible  the 
prediction  of  unknown  phase  diagrams.  Diagrams  are  given  as  projections 
upon  a  composition  scale  and  composition  ranges  given  are  the  maximum 
extent  over  the  entire  temperature  range  of  the  solid  phases,  ^ 


Of  the  two  billion  possible  multdcompor.ent  phase  diagrams  of  the 
thirty  metals,  at  least  one  and  a  half  billion  are  readily  obtained  from 
the  figures,  tables,  and  text  and  methods  are  described  for  extending  the 
procedures  for  prediction  of  phase  diagrams  to  additional  diagrams  outside 
‘  the  range  of  metals  considered. 


Reproduced  From 
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I.  Introduction 

The  knov/ledge  of  high  temperature  phase  diagrams  is  important  for 
the  design  of  high  temperature  purification  processes  such  as  zone 
refining,  vaporization  of  materials  away  from  impurities,  vaporization 
of  impurities  by  vacuum  heating,  and  other  purification  processes.  Such 
processes  can  he  expected  to  play  an  important  role  in  the  production 
of  semiconductors,  superconductors,  and  other  materials  requiring  high 
purity.  There  is  evidence  that  certain  structures  are  particularly 
favorable  for  high  critical  superconducting  temperatures  and  fields  and 
phase  diagram  information  is  needed  to  indicate  the  composition  ranges 
that  can  be  prepared  with  a  given  structure. 

The  present  paper  deals  with  the  predictions  of  the  multicomponent 
phase  diagrams  for  the  thirty  metals  of  the  three  transition  series  from 
potassium  through  nickel,  rubidium  through  palladium,  and  cesium  through 
platinum.  The  complete  description  of  the  phase  behavior  of  these 
metals  in  various  combinations  requires  over  two  billion  diagrams.  For 
example,  there  are  582,000,000  fourteen- component  diagrams,  142,500  . 
four- component  diagrams,  and  even  4-35  diagrams  are  required  for  only  the 
binary  systems.  It  is  clear  that  it  is  not  possible  to  establish  so 
many  diagrams  experimentally  in  the  forseeable  future  and  one  must 
correlate  theory  with  existing  data  to  predict  the  missing  information. 
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II.  COUFIRMATIOK  OF  EKGEL  COREELATION 
1  2 

In  this  paper  the  Engel  ’  correlation  between  electronic 
configuration  and  crystal  structure  is  used  together  vath  the  regular 
solution  theory^»^^^^^  of  solubilities  to  predict  the  structures  of  the 
various  phases  of  a  diagram  and  their  ranges  of  composition.  The 
Engel  model  ascribes  the  occurrence  of  the  body-centered  cubic 
structure  (Structure  l),  the  hexagonal  close -packed  structure 
(structure  II ),  and  the  face-centered  cubic  structure  (Structure  III) 
to  concentrations  of  one,  two,  and  three  valence  electrons  per  atom, 
respectively,  with  these  valence  electrons  in  the  s  or  p  state. 
Electrons  in  d  states  are  not  supposed  to  influence  the  crystal 
structure.  The  Engel  model  provides  the  opportunity  to  make  rather 
straightforward  correlations  to  determine  the  distribution  of  electrons 
between  d  states  on  one  hand  and  s  or  p  states  on  the  other  hand  and 
therefore  to  predict  the  crystal  structure  as  fixed  by  the  average 

1  2 

number  of  s  or  p  electrons  per  atom.  It  has  been  shown  previously  ^ 
that  the  Engel  bonding  model  does  yield  a  satisfactory  correlation  with 
existing  data.  However,  it  is  of  value  to  provide  an  independent 
confirmation  of  the  Engel  correlation. 

Moore^  has  coit5)iled  the  existing  data  on  the  known  electronic 
states  of  the  gaseous  atomic  elements.  The  spectroscopic  state 
designations  are  listed  together  with  the  excitation  energies  of  the 
states  and  the  electron  configurations  corresponding  to  each  state. 

As  an  example,  the  ground  electronic  state  of  potassium  is  listed  as 

p 

a  S  state  corresponding  to  an  electron  configuration  beyond  the 
closed  shells  of  a  single  s  electron.  The  first  excited  state  is  a 
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^  state  with  an  excitation  energy  of  37  kcals/mole  and  corresponds  to 
a  single  p  electron.  The  ^  state  corresponding  to  a  single  d  electron 
has  an  energy  of  62  kcal/mole  above  the  ground  S  state  and  a  promotion 
energy  of  62  kcals/mole  is  required  to  promote  the  s  electron  of  the 
ground  state  of  potassium  to  a  d  electron.  All  of  these  configurations 
provide  one  electron  per  atom  for  bonding. 

The  data  tabulated  by  ^toore  can  be  used  to  determine  the  pro¬ 
motion  energy  required  to  obtain  the  various  electronic  configurations 
corresponding  to  the  specific  crystal  structures  indicated  by  Engel's 

correlation.  Two  electronic  configurations  with  the  same  number  of 

5  4 

unpaired  electrons  available  for  bonding,  e.g.  d  s  and  d  sp,  would 
be  expected  to  yield  comparable  bonding  energies.  Thus  if  one  configura 
tion  requires  a  much  higher  promotion  energy  than  another,  the  crystal 
structure  corresponding  to  the  configuration  of  higher  energy  would 
be  predicted  to  be  unstable. 

The  procedure  can  be  illustrated  by  the  data  of  Table  1  for  the 

sixth  group  elements  Cr,  Mo,  and  W.  The  first  three  columns  of 

7  5  7 

numbers  are  the  promotion  energies  of  the  S,  D,  and  F  states  which 

are  the  lovrest  electronic  states  corresponding  to  the  electronic 

configurations  d  s  ,  and  d  sp>  respectively  .  The  promotion 

energies  show  that  a  hexagonal  close-packed  Structure  II  corresponding 

to  the  d^sp  electronic  configuration  would  be  quite  unstable  compared 

5 

to  the  body-centered  cubic  Structure  I  corresponding  to  the  d  s 
configuration.  The  d  s  configuration  is  of  no  value  for  the  metallic 
state  as  the  paired  s  electrons  are  not  available  for  bonding  and  this 
configuration  would  yield  only  four  bonding  electrons  per  atom 
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compared  to  the  six  "bonding  electrons  per  atom  of  the  other  two 

3  2 

configurations.  No  data  are  available  for  the  d-^sp  configuration  but 

all  indications  point  to  a  very  high  promotion  energy  which  would  make 

the  face-centered  cubic  Structure  III  unstable.  The  fifth  coliunn 

tabulates  the  enthalpy  in  kcal/mole  liberated  when  gaseous  atoms  in 

the  '^S(d^s)  state  are  condensed  to  the  metallic  state.  These  values 

are  obtained  by  adding  the  promotion  energy,  if  any,  to  the  enthalpy  of 

sublimation.  For  the  present  purposes,  it  is  sufficiently  accurate  to 

combine  the  enthalpies  of  sublimation  at  298°K  tabulated  by  Brewer^^^^^ 

o  5 

with  the  promotion  energies  at  0  K  tabulated  by  Moore  ,  The  hexagonal 

close -packed  Structure  II  would  be  stable  for  Cr,  Md,  and  W,  • 

k 

if  the  six  bonding  electrons  of  the  d  sp  configuration  yielded  bonding 

energies  of  I65,  238,  and  255  kcal/mole  respectively.  These  are  much 

larger  than  the  energies  of  95>  and  209  kcal/mole  obtained  by 

5 

using  the  six  electrons  of  the  d  s  configuration  for  bonding  between 

atoms  in  the  metal.  There  is  no  reason  to  expect  that  the  six  bonding 

electrons  of  one  type  would  yield  very  greatly  different  bonding  energies 

than  the  six  bonding  electrons  of  the  other  type.  Thus  we  have  an 

excellent  independent  confirmation  of  the  Engel  theory  as  the  spectroscopic 

data  for  the  gaseous  atom  rule  out  any  electronic  configuration  for  the 

metal  other  than  the  configuration  with  a  single  s  electron  corresponding 

2  l^b  115 

to  the  observed  body-centered  cubic  structure.  ^ 

In  Table  2,  similar  data  are  presented  for  the  fifth  group  elements 

4 

V,  Kb,  Ta.  Although  the  differences  are  smaller,  the  d  s  configuration 
with  five  bonding  electrons  is  clearly  the  only  stable  configuration 
to  be  expected  for  V  and  Nb.  Within  the  uncertainty  of  using  energies 
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of  lowest  electronic  levels  corresponding  to  an  electronic  configuration  , 

one  can  not  conipletely  rule  out  Structure  II  for  Ta^,  particularily  under 

high,  pressure,  but  the  Structure  I  has  an  advantage  of  around  22  kcal/mole. 

From  the  occurrence  *  of  the  body-centered  cubic  Structure  I  for 

h 

the  Fifth  and  Sixth  Group  transition  metals,  Engel's  rule  predicts  d  s 

5 

and  d'^s  electronic  configurations,  respectively.  The  above  discussion 

shows  that  the  spectroscopic  data  confirm  Engel's  prediction. 

Table  3  shows  the  data  for  the  Four-th  Group  metals.  The  con- 
3  2 

figurations  d'^s  and  d  sp  with  four  unpaired  electrons  available  for 
bonding  are  close  enough  in  energy,  within  the  accuracy  of  our  procedure 
of  using  the  energies  of  the  lowest  electronic  states  of  each  configura¬ 
tion,  so  that  the  occurrence^^^^^  of  both  stinctures  I  and  II  is  consistent 
with  the  spectroscopic  data.  The  last  two  columns  list  the  bonding 
energies  obtained  by  adding  the  promotion  energies  to  the  enthalpy  of 
sublimation^ at  298°K.  The  differences  in  enthalpy  of  sublimation  of 
the  two  structures  is  ignored.  If  average  promotion  energies  of  the 

electron  configuration  are  used^,  the  promotion  energies  are  closer  and 

2 

the  two  bonding  energies  are  brought  closer  together,  but  the  d  sp 

3 

configuration  still  has  a  slightly  higher  bonding  energy  than  the  d  s 
configuration. 

In  Table  4,  the  comparison  of  the  promotion  energies  for  the 

various  electronic  configurations  of  A1  with  those  of  Sc,  Y,  and  La 

is  particularily  instructive.  For  Al,  the  two  lowest  configurations 
2  2 

s  p  and  s  d  are  not  of  value  for  the  metal  because  the  paired  s  electrons 

are  not  available  for  bonding  and  one  s  electron  must  be  promoted  to  a 

p  or  d  state  to  make  three  electrons  available  for  bonding.  Wo  data 

2 

are  available  for  the  d  s  configuration  for  Al,  but  all  indications  are 
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Tatle  1.  Promotion  Energies  and  Bonding  Energy  for  Sixth  Group  Metals, 
kcal/mole . 


d^s(^S) 

d\^(^D) 

d^sp('^F) 

d^s 

bond 

^subl 

Cr 

0 

23 

70 

95 

95 

Mo 

0 

31 

80 

158 

158 

¥ 

9 

0 

55 

209 

200 

V 

1. 

_ — 

Table 

2. 

Promotion  Energies  and  Bonding  Energy  for  Fifth  Group  Metals, 
kcal/mole • 

{ 

d^s^(^F) 

d^s(S) 

d^sp(^G) 

d^s 

bond 

AH  ,  T 
subl 

V 

0 

6 

47 

129 

123 

Kb 

0 

3 

47 

176 

173 

Ta 

0 

28 

50 

215 

187 

Table 

3- 

Promotion  Energies  and  Bonding  Energies  for  Fourth  Group  Metals 
kcal/mole . 

d' 

d\(^F) 

d^spC  ^G ) 

d^s 

bond 

d  sp 
bond 

Ti 

0 

19 

45 

132 

158 

Zr 

0 

l4 

42 

160 

188 

Hf 

0 

4o 

51 

200 

211 

Table 

4. 

Promotion  Energies  of  Third  Group  Metals,  kcal/mole • 

S^p(^) 

ds^(^) 

d^s(V) 

dsp(^F) 

sp^(V) 

A1 

0 

92 

190 

83 

Sc 

97 

0 

33 

45 

Y 

30 

0 

31 

43 

La 

44 

0 

6 

40 
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that  it  has  a  very  high  promotion  energy  and  that  Structure  I  would 

he  very  unstable  for  Al.  Structure  II  corresponding  to  the  configuration 

d  sp  is  seen  to  he  unstable  by  over  100  kcal/mole.  Thus  Structure  III 

2 

corresponding  to  electronic  configuration  sp  is  the  only  possible 
structure o  In  contrasty  the  electronic  configuration  of  Sc^  Y,  and  La 
v/ith  three  bonding  electrons  that  has  the  lowest  promotion  energy  is 

p 

d  s  corresponding  to  Structure  I  while  the  d  sp  configuration  is  not 
much  higher  in  energy.  For  Sc,  the  number'  of  levels  to  be  averaged 
is  small  enough  and  sufficient  data  are  available  to  allow  the  calcula- 
tion  of  the  average  energies  of  the  configurations  .  !I1lus  the  average 
energies  for  d  s  and  d  sp  are  found  to  be  50  an,d  58  kcal/mole, 
respectively  compared  to  33  a-nd  45  kcal/mole  for  the  lowest  electronic 
states  of  the  configurations.  The  best  available  data  ’’  indicate  that 
Sc,  Y,  and  La  all  have  the  body-centered  cubic  Structure  I  at  high  tem¬ 
peratures  and  the  hexagonal  close -packed  Structure  II  at  lower  tem¬ 
peratures  in  agreement  with  the  expectations  from  the  spectroscopic 
data  and  Engel’s  correlation.  La  also  has  the  face-centered  cubic 

Structure  III,  but  no  data  are  available  to  calculate  the  promotion 
2 

energy  of  the  sp  configuration  of  La.  A  high  promotion  energy  is 

expected  for  this  configuration.  Since  the  bonding  energies  of  the 

2 

d  sp  configurations  are  slightly  higher  than  for  the  d  s  configurations, 

2 

the  higher  promotion  energy  of  the  sp  '  configuration  might  be  offset 

to  some  extent  by  a  high  bonding  energy,  but  one  would  not  expect  a 

substantial  difference  in  bonding  energy.  In  the  absence  of  data  for 

2 

the  promotion  energy  of  the  sp  configuration,  one  can  not  say  whether 
the  occurence  of  Structure  III  constitutes  a  contradiction  to  the 
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Engel  correlation  although  one  would  not  have  predicted  its  occurence 
a  priori . 

Table  5  presents  the  promotion  energies  for  the  alkaline  earth 

5 

metals  o  The  data  are  complete  enough,  and  the  calculation  simp.l.e 

enough  to  all.ow  tabul.ation  of  the  average  energy  of  each  configuration 

rather  than  the  energy  of  the  lowest  state  of  the  configuration^.  The 

data  for  Mg  exclude  any  bonding  configuration  other  than  sp  and  therefore 

any  structure  other  than.  Structure  II.  Th.e  sp  and  sd  configurations 

for  Ca^  Sr^  and  Ba  are  close  in  energy.  The  body-centered  cubic 

H  *5 

structure  I  corresponding  to  configuration  sd  is  found  ■’  -  at  high. 

teoiperature  for  Ca  and  S.r  and.  at  al.l,  temperatures  for  Ba.  Sr  also 

ha,s  Structure  II.  The  non-occurrence  of  Structure  II  for  Ba  is 

consl.stent  with  the  promotion  energies.  One  wou.ld  have  e.5ipec:ted  Structure 

ill 

II  for  Ca.,  but  pure  Ca  apparen.tl,y  does  not  show  this  structure' '  .  Ca 
and  Sr-  also  have  the  face-centered  cubic  Structure  III.  Such  a 
structure  seero.s  incompatible  with  the  Engel,  corre.lation.  It  woul.d 
require  promotion  of  an  electron,  from  a  closed,  shell,  to  the  configura¬ 
tion  p^d  sp.  Such  a  configur'ation  should,  have  a  consid.erabl,e  promotion 
energy  although  no  data,  are  available,  but  it  would  have  four  bonding 
electrons  which  might  yie.ld,  enough  extra  bonding  energy  to  make  up  for 
the  addi.ti.ona.l  promotion  energy.  One  would  not  have  piredicted  the 
occurrence  of  these  structures  a  priori. 

Exaroi.nation  of  the  bonding  energies  of  the  various  electron 
configurations  tabulated  in  Tables  1.-5  together  with  the  additional, 
data  to  be  presented  show  that  generall.y  the  bonding  energy  of  a  d 
electron  increases  very  markedly  with  nucl.ear  charge  from  the  first 
transition  series  to  the  third  transition  series.  Exus  the  bonding 
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Table  5.  Promotion  Energies  of  Electron  Configurations 
of  Alkaline  Earth  Metals,  kcal/mole. 


2 

s 

sp 

sd 

Mg 

0 

80 

i4o 

Ca 

0 

55 

60 

Sr 

0 

52 

56 

Ba 

0 

44 

29 

Table  6.  Promotion  Energies  and  Bonding  Energy  for  Seventh  Group  Metals, 
kcal/mole . 


d5s2(*^s) 

6  /6p,\ 

d  s(  D) 

a5sp(®p) 

5 

d-^sp 

bond 

Mn 

0 

49 

53 

120 

Tc 

0 

6 

46 

202 

Re 

0 

35 

56 

243 

Table  ?.  Promotion  Energies  and  Bonding  Energy  for  Ei^th  Group  Metals, 
kcal/mole , 


d^s^(^D) 

d'^s(^P) 

d^sp('^D) 

d  sp 
bond 

Fe 

0 

22 

57 

<  157 

Ru 

19 

0 

TO 

223 

Os 

0 

15 

70 

257 
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energy  of  the  d^s  configuration  is  ll4  kcal/mole  larger  for  W  than 

for  Cr  or  23  kcal  larger  per  d  electron.  The  data  for  the  transition 

elements  of  the  fourth  to  seventh  groups,  considering  "both  structures 

I  and  II,  show  increased  bonding  energies  for  the  third  transition 

series  compared  to  the  first  transition  series  ranging  between  21  and 

23  kcal  per  d  electron.  This  trend  is  in  contrast  to  the  almost 

2 

universal  trend  among  all  types  of  compounds  for  bonds  involving  only 
s  and  p  electrons  to  decrease  in  bonding  energy  as  one  moves  downv/ard 
in  the  periodic  table  to  larger  nuclear  charge.  The  effect  of  in¬ 
creased  nuclear  charge  upon  the  strength  of  d  bonds  must  be  due  to 
contraction  of  the  closed  shells  and  increased  exposure  of  the  d 
orbitals  relative  to  the  closed  shells  to  allow  better  overlap  of 
d  orbitals  between  atoms  at  the  internuclear  distances  fixed  by  the 
balancing  of  attractive  bonding  forces  by  the  repulsive  forces  due 
to  interpenetration  of  the  close  shells. 

It  is  of  interest  at  this  point  to  inquire  why  only  the  s  and  p 
and  not  the  d  electrons  should  influence  crystal  structure.  In  com¬ 
paring  the  close-packed  Structures  II  and  III,  the  nearest  neighbors  are 
the  same  for  two  structures.  Any  differences  have  to  do  with  more 
distant  neighbors.  The  orbitals  of  the  d  electrons  of  an  inner  shell 
are  much  more  contracted  in  space  than  the  s  and  p  orbitals  of  the 
outermost  shell.  One  would  expect  bonding  due  to  overlap  of  d  orbitals 
to  be  restricted  largely  to  nearest  neighbors  with  little  effect  on 
long  range  order  while  bonding  due  to  s  and  p  electrons  v/ould  be  ex¬ 
pected  to  range  out  into  the  metal  for  many  atomic  diameters.  It  is 
quite  reasonable  to  accept  Engel’s  hypothesis  that  d  electrons  do  not 
influence  crystal  structure  if  extensive  hydridization  between  the  d 
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electrons  on  one  hand  and  the  s  and  p  electrons  on  the  other  hand  does 
not  take  place. 

For  the  metals  of  the  first  six  groups,  electronic  configurations  with 
paired  valence  electrons  were  excluded  as  the  promotion  energies  were 
smaller  than  the  bonding  energies  and  configurations  that  did  not  use  all 
of  the  valence  electrons  for  bonding  were  unstable  in  the  metallic  state. 
Beyond  the  first  six  groups,  some  configurations  require  pairing  of 
some  of  the  d  electrons  and  not  all  configurations  of  importance  will  have 
the  same  number  of  bonding  electrons.  In  addition  to  differences  in  pro¬ 
motion  energies,  one  must  consider  differences  in  bonding  energy  due  to 
different  number  of  unpaired  electrons.  Table  6  shows  the  promotion  energies 
for  electronic  configurations  of  the  seventh  group  metals.  Unfortunately 
no  data  are  available  for  the  d^sp^  configuration.  The  d^s  configurations 

5 

with  five  bonding  electrons  have  lower  promotion  energies  than  the  d  sp 
configurations  with  seven  bonding  electrons.  Comparisons  of  bonding 
energies  for  other  metals  would  indicate  that  the  two  extra  bonding  electrons 
for  Tc  and  Re  would  contribute  at  least  forty  kcal/mole  additional  bonding 

energy  which  would  make  Structure  II  more  stable  than  Structure  I,  in 

2  US  5 

agreement  with  observation.  The  bonding  energies  due  to  d  sp  bonds 

are  202  and  243  kcal/mole,  respectively,  for  Tc  and  Re  or  29  and  35  kcal 

per  bonding  electron.  Thus,  an  electronic  configuration  with  a  high 

promotion  energy  can  be  the  most  stable  configuration  in  the  metal  if  it 

provides  more  bonding  electrons  than  other  configurations.  For  the  metals 

of  the  second  and  third  transition  series  which  have  large  bonding  energies 

due  to  more  effective  use  of  d  electrons  in  bonding,  the  two  additional 

bonding  electrons  provided  by  promotion  of  one  d  electron  can  offset  a  very 

large  promotion  energy.  Table  7  shows  a  similar  behavior  for  Ru  and  Os 

where  the  d^sp  configuration  with  six  bonding  electrons  yields  a  more 

stable  Structure  II  than  the  d ‘ s  configuration  of  Structure  I  with  only 
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four  "bonding  electrons  even  though  the  additional  promotion  energy- 

amounts  to  as  much  as  70  kcals.  No  da-fca  are  a-vailahle  for  the  promotion 

energies  of  configurations  of  in-terest  for  Rh,  Ir,  Pd,  Pt,  Ag,  and  Au. 

All  of  these  metals  have  the  face-centered  cubic  Structure  III  corres- 
2 

ponding  to  an  sp  electronic  configuration  with  from  six  to  eight  d 

2 

electrons.  The  promotion  energies  required  for  the  sp  configuration 

must  be  quite  large.  However,  the  promotion  of  d  electrons  to  s  and  p 

states  unpairs  d  electrons  and  makes  them  available  for  bonding. 

Before  turning  to  the  behavior  of  the  metals  of  the  first  transition 

series,  it  is  instructive  to  examine  the  trend  of  bonding  energy  per 

bonding  electron  for  the  metals  of  the  second  and  third  transition  series 

as  one  goes  from  left  to  ri^t  in  the  periodic  table.  The  s  bond  of  the 

alkali  me-tals  provides  around  20  kcal  bonding  energy  per  electron.  The 

sp  and  sd  configurations  of  the  alkaline  earth  me-tals  yield  bonding 

2 

energies  of  36-^7  kcal  per  bonding  electron.  The  d  sp  and  d  s  configur¬ 
ations  of  the  third  group  metals  yield  bonding  energies  of  40-50  kcal 

2  3 

per  bonding  electron.  The  fourth  group  configurations  d  sp  and  d  s  yield 
over  50  kcal  per  bonding  electron.  In  dealing  with  promotion  energies 
and  relative  s-tabilities  of  structures,  it  was  possible  to  ignore  the 
difference  between  the  energy  of  the  lowest  state  of  a  configuration 
and  the  average  energy  of  an  electron  configuration  because  of  similar 
corrections  for  the  various  configurations.  This  difference  can  not 
be  neglected  for  absolute  values  of  the  bonding  energies  and  the  values 
cited  above  for  the  first  fourth  groups  have  been  corrected  approximately 
to  the  value  corresponding  to  the  average  energy  of  the  electronic  con¬ 
figurations.  The  increase  in  effectiveness  of  a  bonding  electron  in 
going  from  left  to  right  in  the  periodic  table  reflects  the  effect  of 
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increasing  nuclear  charge  in  shrinking  the  closed  shells.  This  reduces 
the  size  of  the  closed  shells,  thus,  allowing  closer  approach  of  the 

3 

atoms  and  more  effective  overlap  of  electron  orbitals.  Beyond  the  d  s 
configuration,  there  appears  to  be  a  reduction  in  effectiveness  of  a 
bonding  electron  as  one  approaches  the  d^s  configuration.  Without  going 
to  the  effort  of  calculating  the  average  energies  of  the  electron  con- 
figurations, °  the  exact  extent  of  this  reduction  is  not  clear.  If 
one  merely  uses  the  energy  of  the  lowest  electronic  state  corresponding 
to  a  given  configuration,  the  total  bonding  energies  change  from  l60 
to  176  to  158  kcal/mole  for  Zr(d^s,^P)  to  Wb(d^s,^D)  to  Mo(d^s,'^S)  or  a 
change  in  bonding  energy  per  electron  from  40  to  35  to  26  kcal..  Like¬ 
wise,  for  Hf  to  Ta  to  W,  the  bonding  energy  per  electron  changes  from 
50  to  43  to  35  kcal.  The  correction  to  the  average  energy  of  the  elec- 
tron  configuration  increases  as  one  goes  from  d  s  to  d  s  because  of 
the  increase  in  the  total  number  of  states  corresponding  to  a  given 
configuration.  Thus,  this  correction  will  probably  largely  wipe  out  the 
apparent  reduction  in  effectiveness  of  a  bonding  electron  as  one  goes 
from  the  d^s  to  d^s  configuration.  However,  there  may  be  steric  problems 
involved  in  using  all  five  d  orbitals  in  bonding  that  may  reduce  their 

effectiveness.  The  d^sp  configuration  of  Te  and  Re  yields  bonding  energie 

5 

per  bonding  electron  similar  to  those  for  the  d  s  configuration.  However, 
beyond  Tc  and  Re,  the  bonding  energies  per  bonding  electron  increase 
steadily.  This  is  due  in  part  to  the  decreasing  number  of  electx-onic 
states  for  a  given  electronic  configuration  as  the  number  of  unpaired 
electrons  decreases,  which  brings  the  energy  of  the  lowest  electronic 
state  closer  to  the  average  energy  of  the  configuration.  A  steric 
hindrance  in  the  use  of  five  d  orbitals  may  also  play  a  role,  but  the 
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effect  must  be  due  mostly  to  the  effect  of  increasing  nuclear 
charge  in  shrinking  the  closed  shells  and,  thus,  decreasing  the  repulsive 
contribution  to  the  energy  due  to  interpenetration  of  closed  shells. 

This  large  contribution  to  the  energy  per  bonding  electron  for  the  trans¬ 
ition  metals  to  the  right  of  the  periodic  table,  amounting  to  around 


50  kcal  per  bonding  electron,  strongly  favors  the  promotion  of  d  elec- 

rm  13.5 

trons  to  increase  the  number  of  bonding  electrons.  Thus,  the  occurrence 


^  ^6  2  ,7  2  ,^83 

of  Structure  III  and  electron  configurations  d  sp  ,  a  sp  ,  and  d  sp 


for  Rh  and  Ir,  Pd  and  Pt,  and  Ag  and  Au,  respectively,  is  in  full 
agreement  ivith  the  Engel  correlation.  Although  no  spectroscopic  data 

2  5 

are  available  for  the  sp  configuration,  the  data  tabulated  by  Moore 


indicate  unusually  high  promotion  energies  to  promote  d  electrons  to 
the  p  state  for  Pd  and  Ag  compared  to  Pt  and  Au.  This  is  apparently 
the  reason  for  the  abnormally  low  net  bonding  energies  and  lov;  subli¬ 


mation  enthalpies  of  Pd  and  Ag.  The  correspondingly  low  internal 
pressures  or  solubility  parameters'^ then  reduces  the  solubilities 


of  Pd  and  Ag  in  the  other  transition  metals. 

The  primary  factor  in  the  understanding  of  the  behavior  of  the 
metals  of  the  first  transition  series  is  the  relative  bonding  ineffec¬ 


tiveness  of  the  d  electrons.  It  was  noted  previously  that  the  bonding 


energies  per  d  electron  are  over  20  kcal  smaller  for  the  first  transi¬ 
tion  series  than  for  the  third  transition  series.  Table  6  shows  similar 
promotion  energies  for  the  d  s  and  d^sp  configuration  of  Mn.  One  would 
expect  Structure  II  with  five  bonding  d  electrons  to  be  more  stable  than 
Structure  I  with  only  four  bonding  d  electrons.  It  was  noted  above  that 
there  appears  to  be  a  reduction  in  the  bonding  stability  of  the  d  con¬ 
figuration.  Since  d  electrons  do  not  bond  strongly  between  atoms  of 
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the  first  transition  series,  the  actual  stabilities  of  Structures  I, 

II,  and  III  are  very  close  together  for  Mh.  There  are  only  a  few  other 
Instances  of  metals  with  a  number  of  electronic  configurations  yielding 
structures  of  comparable  stability.  U  and  Pu  show  similar  behavior. 

The  result  is  a  structure  like  that  of  a-Mn,  p~Mh,  or  the  conplex  struc¬ 
tures  of  U  and  Pu  in  which  the  same  element  can  display  different  elec¬ 
tronic  configurations  and,  therefore,  different  radii  and  bonding 

characteristics  in  the  saane  phase.  Ma  does  form  the  simple  Structures 

6  4  2 

I  and  III,  corresponding  to  d  s  and  d  sp  .  In  the  more  conrplex  struc- 

5 

tures,  it  undoubtedly  takes  on  the  configuration  d-^sp  in  addition  to 
the  previous  ones. 

7 

Table  7  shows  that  the  promotion  energy  for  the  d  s  configuration 

6 

of  Fe  is  considerably  smaller  than  the  promotion  energy  of  the  d  sp  con¬ 
figuration.  The  relative  ineffectiveness  of  the  d  bonding  results  in 
Structure  I  being  more  stable  than  Structure  II.  The  magnetic  behavior 
of  Fe  and  the  close-hy  metals  of  the  first  transition  series  is  direct 
evidence  that  the  d  electron  contribution  to  bonding  is  poor  enough  so 
that  they  are  not  used  for  bonding  and.  are  left  unpaired.  One  does  not 
observe  this  evidence  of  unpaired  electrons  for  transition  metals  of 
the  second  and  third  series  since  the  d  electrons  can  be  used  so  effec¬ 
tively  in  electron  pair  bonding  ,  which  removes  their  magnetic  contri¬ 
bution.  The  occuirence  of  Structures  II  and  III  for  Co  and  Structure 
III  for  M  and  Cu,  which  require  promotion  of  paired  d  electrons  to  p  states 
is  probably  to  be  attributed  more  to  the  effective  use  of  additional  p 
electrons  in  bonding  than  to  the  availability  of  additional  unpaired  d 


electrons. 
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III.  PROCEDURE  FOR  APPLIGATIOII  OF  EHGEL  MODEL 
The  interpretation  of  the  Engel  correlation  in  tearms  of  spectro¬ 
scopic  data  for  the  gaseous  atoms  is  not  essential  for  the  use  of  the 
Engel  correlation  in  the  prediction  of  metallic  phase  diagrams,  hut 
the  confirmation  shown  above  lends  confidence  to  the  use  of  the  Engel 
theory  in  the  following  discussion. 

The  understanding  of  the  phase  behavior  of  the  transition  metals 
is  complicated  by  the  variety  of  factors  that  must  be  considered.  A 
great  deal  of  effort  has  been  devoted  to  the  evaluation  of  the  important 

factors.  Hie  previous  publications  are  too  extensive  to  be  reviewed 

^  ^0  ^3 

here,  but  recent  reviews  ”  co^erHhe  earlier  papers.  It  is  generally 
agreed  that  the  primary  factor  which  fixes  the  thermodynamic  properties 
of  metallic  solutions  is  the  electronic  structure  of  the  components. 
Important  secondary  factors,  which  are, in  turn,  functions  of  the  elec¬ 
tronic  structure,  are  size,  electronegativity,  and  internal  pressure 
or  solubility  parameter.  The  present  treatment  follows  previous  efforts 
by  setting  up  a  model  which  incorporates  the  various  factors  and  attempts 
to  determine  the  variation  of  their  influence  in  various  alloys  across 
the  periodic  table.  Because  of  the  number  of  variables,  it  is  important 
to  make  their  application  as  explicit  as  possible.  Unless  othersrise 
noted,  all  experimental  data  used  in  the  following  correlations  are 
from,  fensen  and  Anderko,^^  Lunden,^^  and  Matthias,  Geballe  and  Conroton.^^ 
The  Engel  correlation  between  crystal  structure  and  electronic 
configuration  allows  one  to  fix  the  major  variable.  In  the  previous 
discussion,  Structures  I,  II,  and  III  have  been  assigned  to  the  elec¬ 
tronic  configurations  corresponding  to  one,  two,  and  three  electrons 
per  atom,  respectively,  of  the  s  or  p  type.  Examination  of  the 
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con^osition  ranges  with  body-centered  cubic  Structure  I  for  non¬ 
transition  metal  alloys  or  metals  of  known  valence  indicates  that  Struc¬ 
ture  I  actually  is  stable  up  to  1.5  electrons  per  atom  of  the  s  or  p 

type.  The  hexagonal  close -packed  Structure  II  is  found  for  the  Hume- 
17 

Rothery  phases  LiCd^,  CuZn^,  Cu^Sn,  and  AgZn^  and  for  solutions  of 
Li  in  Mg  and  Zn  with  electron  to  atom  ratios  as  low  as  1.7«  On  the 
other  side;,  the  electron  to  atom  ratios  are  ^ust  slightly  above  two 
in  the  Ga-Mg  and  Al-Zn  systems  with  a  maximum  value  of  2.12  in  the  AI-Mg 
system.  From  these  results.  Structure  II  is  seen  to  be  restricted 
to  s,p  electron  to  atom  ratios  of  1.7  ho  2.1.  Kie  solid  solubilities 
of  Li,  Mg,  and  Za  in  face-centered  cubic  A1  indicate  that  the  electron 
concentration  may  drop  to  below  2.5  electrons  per  atom  and  still  retain 
Structure  III,  but  the  solid  solubilities  of  SI  and  Ge  in  A1  indicate 
that  the  concentration  cannot  rise  appreciably  above  three. 

The  fundamental  assumption  of  Engel's  model  is  that  the  d  electrons 
do  not  directly  fix  the  crystal  structure.  With  the  assignment  of 
ranges  of  s,p  electron  concentrations  to  each  structure,  the  knowledge 
of  the  structure  fixes  the  s,p  electron  concentration  within  the  indi¬ 
cated  ranges  and  therefore  fixes  the  concentration  of  d  electrons  in 

transition  metal  systems  by  difference. 

l8 

Engel,  in  agreement  with  others,  expects  the  unfilled  d  shells 
of  the  first  half  of  the  transition  elements  to  act  as  sinks  for  elec¬ 
trons  and,  thus,  to  tend  to  keep  the  concentrations  of  s  or  p  electrons 
below  the  1.7  lower  limit  of  Structure  II.  In  the  previous  discussion, 
it  was  seen  that  the  promotion  energies  required  to  promote  d  electrons 
to  p  electrons  were  sufficient  to  favor  the  body-centered  cubic  Struc¬ 
ture  I.  In  agreement  with  this,  all  of  the  transition  metals  of  the 
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first  six  groups  Structure  I  at  least  at  high  teii5)eratures, 

if  not  at  all  temperatures.  The  elements  of  the  earlier  groups  cannot 
trap  electrons  as  strongly  in  the  d  shell  as  those  of  the  later  groups, 
and  Sr  and  the  third  and  fourth  group  metals  transform  upon  cooling  to 
Structure  II.  The  change  in  electronic  structure  on  the  "basis  of  the 
Engel  model  is  from  d  '"^s  p  ‘ for  "body- centered  cu"bic  Y,  for  example, 
to  d^'^s^p®'^  for  hexagonal  Y.  The  recognition  that  the  various  struc¬ 
tures  are  not  restricted  to  integral  electron  concentrations  requires 
some  modification  of  the  previous  discussion  which  was  restricted  to 
integral  concentrations.  Thus,  Mo  and  W,  for  exanjple,  would  "be  esqpected 
to  dissolve  up  to  a  maximum  of  50  atomic  ^  Tc  or  Re,  corresponding  to  an 
average  electronic  configuration  d^s^p^*^,  and  still  retain  the  "body- 
centered  cubic  Structure  I.  Reference  to  the  phase  diagrams  to  be 
presented  in  Section  VIII  below  shows  that  the  maximum  solubilities  range 
from  37  to  45  atomic 

As  smother  illustration,  the  system  Mo-Pt  can  be  considered.  To 
attain  the  limiting  configuration  d^s^p^"^,  12  atomic  percent  Pt  would 
have  to  dissolve  in  Mo  with  Structure  I.  Addition  of  more  Pt  should 
cause  a  transformation  to  Structure  II  which  would  be  predicted  to  lie 
between  l8  and  28  atomic  percent  Pt  corresponding  to  the  range  in 
electronic  configuration  from  d^s^p^’^  to  d^s^p^'^.  Finally,  one  would 
predict  the  face-centered  cubic  Structure  III  between  38  and  100  atomic 
percent  Pt  corresponding  to  the  range  d^s  p  ’  to  d  s  p  .  Actually, 
from  the  behavior  of  Pt  in  other  alloy  systems,  it  is  found  that  it  is 

5 

very  difficult  to  reduce  the  d  concentration  in  Pt  all  the  way  to  the  d 
configuration,  particularly  when  the  other  metal  is  not  of  the  third 
transition  series.  The  procedure  in  the  use  of  Engel's  model  is  to  trans¬ 
late  all  of  the  known  structural  data  into  electronic  configurations  which 
give  the  respective  concentrations  of  d  and  of  s,p  electrons.  This,  then 
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provides  information  of  the  variation  in  the  stability  of  the  d  con¬ 
figuration  across  the  periodic  table.  With  alloy  systems  involving 
elements  in  the  middle  of  the  second  and  third  transitions  series,  one 
finds  that  the  metals  tend  to  the  d'^  configuration  with  a  minimum  pro¬ 
motion  of  d  electrons  to  the  p  state.  For  metals  of  the  early  groups, 

5 

it  is  more  difficult  to  build  up  the  d  configuration  as  high  as  d  and 
for  later  groups  it  is  more  difficult  to  drain  off  d  electrons  to  a 
configuration,  as  low  as  d  .  Examination  of  the  availab.le  data  allows 
one  to  predict  the  extent  to  which  these  early  and  late  group  metals 
will  deviate  from  the  d^  configuration.  Be  turning  to  the  Mo-Pt  system, 

5 

Pt  would  be  e^^ected  to  assume  a  d  configuration  only  in  the  Mo  rich 
region  of  Structure  I,  would  be  expected  to  have  a  configuration  between 
d^'^  and  d^  in  the  hexagonal  Structure  II  region,  and  a  configuration 

^  7 

between  a  and  d*  in  the  Structure  III  region. 

The  fixing  of  accurate  limits  of  each  region  depends  upon  factors 
other  than  electron  concentration.  The  limits  of  stability  of  a  phase 
do  not  depend  alone  upon  properties  of  the  phase  in  question,  but  are 
also  fixed  by  the  properties  of  the  saturating  phases.  If  a  phase 
diagram  containing  several  intermediate  phases  is  studied  under  condi¬ 
tions  where  the  saturating  phase  can  be  changed  throu^  proper  seeding, 
for  example,  with  other  conditions  the  same,  then  the  solubility  limits 

of  the  phase  are  changed.  For  this  problem,  one  must  consider  factors 

^  4  1  TR 

such  as  atomic  sizes  and  solubility  parameters.-*^  ^  -*  For  the  range  of 

metals  to  be  considered  here,  differences  in  electronegativity  need  not 
be  considered  separately  as  this  factor  is  included  in  the  use  of  the 
Engel  correlation  to  fix  variation  of  electronic  configurations.  For 
the  Mo-Pt  system  even  size  and  solubility  parameters  differences  are 
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small,  and  the  effect  of  these  factors  will  he  illustrated  for 
other  systems.  The  final  predictions  for  the  Mo-Pt  system  in  atomic 
percent  are  as  follows:  Structure  I,  0-12^  Pt;  Structure  II,  30~53?^  Phj 
Structure  III,  6^-100^  Pt.  These  values  represent  the  maximum  ranges 
expected  in  the  complete  phase  diagram.  At  lower  temperatures,  the 
ranges  will  decrease  and  ordering  phenomena  may  arise  which  can  result 
in  miscibility  gaps  within  each  structure  region. 

Although  the  limits  of  each  region  depend  upon  the  adjoining  satu¬ 
rating  phase,  it  is  convenient  to  consider  each  structure  separately. 

The  structi5res  to  he  considered  are  the  I,  II,  and  III  structures 
already  discussed.  In  addition,  there  are  the  Cr^Si,  <J,  and  a-Mn  struc- 

12  40  4^  44 

tures  *  which  are  found  for  s,p  electron  concentrations  between 

1  and  2  electrons  per  atom  when  proper  size  ratios  are  satisfied  and, 
finally,  the  Laves  phases  and  similar  phases  which  depend  very  strongly 

44  45 

upon  size  factors  '  although  electronic  configuration  still  plays 

a  role.^’13,19,20, 43,1*4 

The  elements  of  the  first  transition  series  require  different 
treatment  than  those  of  the  following  series  because  of  their  poor 
utilization  of  d  electrons  in  bonding.  This  makes  the  availability  of 
unpaired  d  electrons  more  of  an  asset  for  stability  for  elements  of  the 
second  and  third  series  than  for  elements  of  the  first  transition  series. 


The  tendency  of  metals  of  the  earlier  groups  to  trap  electrons  in  the 
d  shells  is  reduced  for  the  first  transition  series  and  metals  of  the 


later  groups  do  not  gain  as  much  by  promoting  d  electrons  to  make  more 
d  electrons  available  for  bonding.  Thus,  in  contrast  to  Tc  and  Re,  which 

5 

have  only  the  d  sp  configuration  corresponding  to  Structure  II,  I'tn  has 
both  Structures  I  and  III  corresponding  to  configurations 
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CCIQC  Ij-SllS 

p  qiia  d  '^s  p  as  well  as  complex  structures  in  which  the 
Mn  atoms  in  different  positions  have  different  electronic  configurations. 

The  flexibility  of  the  transition  elements  with  respect  to  electronic 

configuration  is  well  established  for  their  compounds  for  which  a  variety 

of  oxidation  states  are  found.  T?he  S5ime  is  to  be  e:^ected  in  metallic 

alloy  systems.  Just  as  gold  may  have  oxidation  states  of  one,  two,  and 

three  in  its  compounds  with  non-metlas,  similar  variations  are  to  be 

expected  in  its  alloys  and  it  has  a  valence  of  one  when  dissolved  in 

2 

non-transition  metals  such  as  Al,  Sn,  etc.,  where  no  unpaired  d  electrons 
are  available  for  bonding.  It  has  a  valence  of  three  when  dissolved 
in  transition  metals  such  as  Ir  and  Pt  which  provide  an  environment  of 
d  electrons  available  for  bonding  and  thus  stabilize  an  electronic 
configuration  for  Au  involving  promotion  of  d  electrons  to  p  electrons. 

By  use  of  the  Engel  correlation  as  a  unifying  concept  to  classify  the 
trend  in  behavior  of  a  given  metal  as  its  metallic  environment  is 
changed,  it  is  possible  to  make  reliable  predictions  of  the  behavior 
of  transition  metal  systems.  This  procedure  is  illustrated  below  for 
each  specific  structure. 
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IV.  OCCURRENCE  OF  THE  BODY-CENTERED  CUBIC  STRUCTURE  I 
AND  THE  LAVES  PHASES 

The  previous  discussion  has  shown  that  the  considerable  promotion 
energies  required  to  promote  d  electrons  to  p  states  causes  the  body- 
centered  cubic  Structure  I  to  be  favored  for  metals  of  the  first  six 
groups.  Crystal  structure  data^'^^^^^^  for  the  metals  ’together  wi’th 
recent  data  for  the  rare  earth  metals^^  confirm  that  all  ei^teen 
metals  of  the  first  six  groups  of  the  three  transition  series  have 
Structure  I  at  high  ’temperatures.  Mixing  of  these  me’tals  does  not 
affect  the  number  of  s,p  electrons  and  can  be  considered  merely  as  a 
mixing  of  d  electrons.  The  absence  of  changes  in  s,p  electronic 
configuration  upon  mixing  allows  simple  application  of  the  regular  solu¬ 
tion  theory^^^^^^^  to  predict  the  mutual  solubilities. 

Application  of  the  regular  solution  theory  requires  knowledge  of 
the  enthalpies  of  sublimation  of  the  elements  and  their  molal  volumes. 
Accurate  calculations  would  require  values  of  the  solubility  para¬ 
meter,  (A  E/V)4  for  the  metals  at  a  variety  of  temperatures  as  tabulated 
by  Hildebrand  and  Scott  .  However,  the  regular  solution  theoiy  is  not 
expected  to  be  accura’te  for  solid  solutions  because  there  are  other 
factors  influencing  solubility  such  as  matching  of  sizes,  etc.  For 
the  present  purposes,  it  is  quite  adequa’te  "bo  use  room  temperature 

enthalpies  of  sublimation  and  volumes  for  calculations  at  all  tempera- 
ill, 

tures  .  “Errors  due  to  this  approximation  as  well  as  to  neglect  of 
other  factors  are  most  simply  correc’fced  by  comparison  of  the  deviations 
be’fcvreen  available  experimental  data  and  predictions  of  the  calculations 
carried  out  in  the  simplest  manner  possible.  The  enthalpies  of 
sublimation  used  in  the  calculations  for  this  paper  are  those  given 
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"by  Brewer. The  molal  volumes  are  calculated  from  the  densities  given 

lU 

by  Hansen  and  Anderko  for  the  solid  metal  at  room  temperature.  The 
?? 

equation'^^ 


T 

c 


(V/2R)  (A  -  (AEgAg 


with  solubility  parameters 


6Uld 


yields  the  critical 


mixing  temperature  of  metals  1  and  2  if  their  molal  volumes  do  not 

3  22 

differ  much.  Corresponding  equations  ^  allow  calculations  of  the 

solubilities  in  one  another  below  the  critical  ten^jeratures. 

The  first  step  in  the  calculations  is  to  calculate  the  soluhilities 

of  the  various  metals  of  a  given  group  in  one  another,  e.g.,  the 

soluhilities  of  K,  Bh,  and  Cs  in  one  another.  The  calculations  indicate 

that  the  liquids  as  well  as  the  solids  at  temperatures  near  the  melting 

point  are  miscible  for  metals  of  the  same  group.  This  prediction  is  in 

l4  15 

agreement  with  the  known  facts  *  '  for  the  first  six  groups.  The 
highest  critical  temperature  corresponding  to  the  largest  difference  in 
solubility  parameters  is  that  for  the  Cr-W  pair  for  which  the  simple 
regular  solution  calculation  predicts  a  critical  mixing  temperature  of 
i600°K  compared  to  the  observed^^  critical  temperature  of  1768°K. 

The  next  set  of  calculations  deals  with  the  solubilities  of  elements 
from  different  families  in  one  another.  The  data  are  incomplete,  but 
one  can  compare  the  available  data  with  the  predictions  of  the  regular 
solution  equation  to  give  one  an  idea  of  what  deviations  from  the 
predictions  might  be  anticipated.  In  general,  the  liquids  are  more 
miscible  than  would  be  predicted  from  the  regular  solution  equation  using 
the  enthalpies  of  sublimation  and  molal  volumes  of  the  solids  at  room 
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teirperature  due  to  smaller  heats  of  vaporization  and  larger  molal  volumes 
for  the  liquids.  For  the  solid  phases,  one  finds  in  the  majority  of 
instances  that  the  solid  solubility  is  smaller  than  predicted  by  the 
regular  solution  equation,  particularly  when  the  sizes  of  the  atoms  are 
appreciably  different.  Thus,  for  exaii?>le,  for  the  pairs  Cr-Ta,  Zr-V,  and 
Zr-Ta,'^  the  actual  critical  temperatures  are  two  to  three  times  higher  than 
the  calculated  temperatures  and  complete  miscibility  of  the  solid  phases 
is  not  observed  even  though  the  simple  regular  solution  calculations 
would  have  indicated  miscibility.  Thus  Zr  and  V  are  not  misible  with 
one  another  although  their  solubility  parameters  are  close  enough 
together  to  predict  miscibility.  The  difference  in  solubility  parameters 
of  Zr  and  Nb  is  greater  although  miscibility  is  still  predicted  by  the 
regular  solution  equation  and  in  this  instance  the  observations  agree 
with  the  predictions  of  the  equation.  It  is  obvious  that  substantial 
differences  in  size  will  introduce  strains  in  the  solid  lattice  that 
will  cause  the  activity  coefficients  to  be  higher  than  calculated  by  the 
regular  solution  equation.  Although  this  is  the  usual  direction  of  the 
deviation  from  the  prediction  of  the  regular  solution  equation  for  solid 
solubilities,  the  exceptions  of  the  Ti-Ta  and  Ti-W  systems  might  be  noted 
for  which  the  regular  solution  equation  predicts  small  solubilities  of  the 
solid  phases  in  one  another  at  temperatures  of  the  order  of  the  melting 
point  of  Ti.  The  actual  critical  tenperature  is  found  to  be  substantially 
lower  and  large  solubility  is  observed.  Fortunately  the  range  of 
solubility  parameters  of  the  metals  is  so  large  that  one  can  make  useful 
predictions  to  fix  the  order  magnitude  of  phase  behavior  even  with  devia¬ 
tions  of  the  type  illustrated  by  the  two  Ti  systems. 
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The  high  temperature  phase  behavior  of  the  eighteen  metals  under 
consideration  here  can  be  summarized  as  follows.  The  alkali  metals,  K, 

Rb,  and  Cs  with  solubility  parameters,^-^ ^  ,  of  22,  19}  and  16  (cal/cc)2 
respectively,  have  mutually  miscible  liq^uid  phases  and  also  misciole 
solid  phases  at  temperatures  in  the  vicinity  of  the  melting  point.  The 
solubility  parameters  of  these  alkali  metals  are  so  much  lovrer  than 
those  for  any  of  the  other  metals  being  considered  here  that  one  can 
confidently  predict  negligible  solubilities  in  the  solid  phases  of  the 
other  15  metals.  Even  the  liquid  phases  will  be  immiscible  although  the 
pair  K-Ba  would  be  expected  to  show  considerably  liquid  solubility  in  one 
another  near  the  boiling  point  of  potassium. 

Liquid  Ca,  Sr,  and  Ba  with  solubility  parameters  40,  3^^  and  3^ 
(cal/cc)4  respectively,  are  expected  to  be  mutually  miscible.  Belov.* 
the  melting  point  the  body-centered  cubic  phases  of  these  alkaline 
earth  metals  are  eiqpected  to  be  mutually  miscible  also.  The  solubility 
parameters  of  these  three  alkaline  earth  metals  differ  sufficiently 
from  the  solubility  parameters  of  the  other  metals  being  considered  here, 
that  one  v/ould  predict  that  the  solubilities  in  the  solid  phases  of  any 
of  the  other  metals  being  considered  would  be  very  small.  Even  the 
liquids  would  not  be  miscible  v/ith  the  liquids  of  the  other  metals 
although  substantial  metal  solubilities  of  Ca  and  La  liquids  would  ce 
expected  at  the  boiling  point  of  calcium  in  addition  to  K-Ba  pair 
mentioned  above. 

The  metals  Sc,  Y,  and  La  with  solubility  parameters  7^,  JO}  and  67; 
respectively,  would  be  expected  to  be  miscible  in  the  liquid  state  and 
to  have  mutually  miscible  body-centered  cubic  solid  phases  below  the 
melting  point.  Combinations  of  these  third  group  metals  with  metals  of 
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the  other  groups  would  be  expected  to  show  miscibility  of  the  body-centered 

cubic  phases  only  for  the  pairs  Sc-Ti  and  Sc-Zr.  For  the  next  most 

soluble  pair,  Y-Ti,  a  predicted  critical  temperature  of  2400°K  for  the 

15 

solid  phases  agrees  very  closely  with  the  experimental  observation. 

Sc  anH  Y  liquids  should  be  miscible  with  Ti,  Zr,  and  Hf  liquids  at  high 
temperatures,  but  immiscibility  is  to  be  expected  even  for  the  liquid 
phases  with  metals  of  the  fifth  and  sixth  groups  except  possibly  for  Sc-V 
and  Sc-Cr.  Lanthanum  with  its  very  low  solubility  parameter  would  be 
expected  to  have  liquid  phase  immiscible  with  even  the  fourth  group 
metals  liquids. 

TVip  solubility  parameters  of  the  transition  metals  of  the  fourth, 
fifth  and  sixth  groups  are  in  the  range  103-131  except  for 
l46  (cal/cc)^  for  W  and,  considering  the  higher  melting  points, 
are  close  enough  together  so  that  all  pairs  of  liquids  should  be 
miscible  and  considerable  solid  solubility  can  be  expected  near  the 

l4 

melting  points.  Many  of  the  diagrams  are  known  and  confirm  the 
regular  solution  predictions  of  solid  miscibility  for  metals  of  the 
same  group.  Solid  Nb  which  has  an  intermediate  solubility  parameter  is 
miscible  with  all  the  transition  metals  of  the  fourth,  fifth,  and 
sixth  groups.  Similarly  solid  Mo  is  miscible  with  all  except  Zr  and  Hf. 
Solid  W  with  the  highest  solubility  parameter  is  miscible  only  with 
solid  Mo,  Cr,  Ta,  and  Nb  although  V-W  should  be  close  to  solid 
miscibility.  Solid  Ta  behaves  generally  the  same  as  W  except  for 
higher  solid  solubilities.  Ti  is  miscible  with  Ta  although  Cr  is  not. 

Ti  with  the  lowest  solubility  parameter  of  the  nine  metals  is  ab¬ 
normally  soluble  since  it  is  reported  to  be  miscible  with  all  but  W. 

Zr  shows  lower  solubilities  than  might  be  expected  from  its  solubility 
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parameter  in  that  it  is  reported  to  he  miscible  in  the  solid  state  with 

only  Nb  in  addition  to  Ti  and  Hf •  Some  of  the  reported  data  may  be  in 

error  due  to  non-raetallic  inpurities.  Hf  is  expected  to  behave  similarly 

to  Zr  but  with  larger  solid  solubilities.  Since  solubilities  are  usually 

larger  than  the  regular  solution  predictions  for  pairs  of  metals  of  the  same 

transition  series,  the  Hf-Ta  system  may  achieve  miscibility  near  the 

melting  points.  Thus  a  rather  complete  picture  can  be  given  of  ‘Utie 

composition  ranges  of  the  body-centered  cubic  phases  of  the  eighteen 

metals  of  the  first  six  groups. 

Up  to  this  point  no  solid  phases  other  than  the  body-centered 

cubic  phase  have  been  considered.  In  the  binary  systems  a  transformation 

12  IH  hh  h5 

can  take  place  upon  cooling  with  formation  of  a  Laves  phase.  >  -Jf  } 

These  are  phases  with  ideal  compositions  AB^  and  AB^  and  can  occur  in 

one  of  five  closely  related  structures:  the  hexagonal  MgZn„,  MgNi  ,  and 

CaCu^  structures  and  the  cubic  MgCu^  and  UNir-  structures.  In  addition 

5  P 

to  the  compositions  AB^  and  AB^,  Laves  phases  with  intermediate  structures 
are  found^^^^^^  at  compositions  and  AB^^  and  defect  AB^  struc¬ 

tures  occur  up  to  the  composition  AB^.  In  some  of  the  binary  systems  of 
the  actinides  and  lanthanides  with  nickel  and  copper,  a  series  of  such 

Laves  phases  occur  between  the  composition  AB^  and  AB^.  Electronic 

12  13  19  44 

configurations  determine  which  of  the  structures  forms,  ^  but 

the  ratio  of  the  radii  of  A  and  B  is  the  primary  factor  in  determining 

whether  a  Laves  phase  will  form  and  all  of  the  Laves  structures  will  be 

13  44 

considered  together  in  the  present  discussion.  Dwight  and  Nevitt 
have  discussed  in  detail  the  various  factors  which  determine  the  occur¬ 
rence  of  Laves  phases.  In  these  phases,  a  closer  packing  is  achieved 
than  is  possible  with  close  packing  of  equal  size  spheres  and  the  A  atom 
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is  coordinated  in  AB^  By  12  B  plus  k  A  atoms .  The  optimum  packing  occurs 

when  the  size  of  the  A  atom  is  23?&  greater  than  the  size  of  the  B  atom. 

In  the  AB_  structures,  all  A-A  contacts  are  replaced  by  A-B  contacts 

5 

and  the  optimum  packing  occurs  when  the  size  of  the  A  atom  is  30  ^  ^5^ 

hh 

greater  than  the  size  of  the  B  atom.  As  the  size  of  the  metallic  atoms 
decrease  steadily  from  left  to  right  in  the  periodic  table,  the  Laves 
phases  contain  B  atoms  which  are  to  the  right  of  the  A  atoms  in  the 
periodic  table  or  which  are  considerably  higher  in  the  periodic  table 
to  insure  that  the  B  atom  is  sufficiently  smaller  than  the  A  atom.  In 
addition,  the  solubility  parameters  can  not  be  too  greatly  different. 

K,  Br,  and  Cs  are  not  reported  to  form  Laves  phases  with  the  B  conponent 
any  metal  to  the  left  of  the  Cu-Au  group  although  Mn  has  a  low  enough 
solubility  parameter  to  allow  formation  of  a  Laves  phases.  It  would  be 

interesting  to  investigate  mixtures  of  Mn  with  Li  or  Na  or  to  reduce 

♦ 

Mn  con^Jounds  by  solutions  of  alkali  metals  in  liquid  ammonia  to  determine 

if  a  Laves  phase  could  be  prepared.  Ca,  Sr,  and  Ba  are  not  known  to  form 

any  Laves  phases  with  transition  metals  to  the  left  of  the  ninth  group 

but  CaNi^  and  MPt^  are  known^^  and  AB^  phases  are  known  with  Rh,  Pd,  Ir, 

5  5 

and  Pt.^^  Ca,  Sr,  and  Ba  also  form  ABg  phases  with  the  smaller  Mg.  The 
third  group  transition  metals  and  the  lanthanides  and  actinides  form  AB^ 

hh 

and  AB^  phases  with  transition  metals  to  the  right  of  the  sixth  group. 

None  of  the  Laves  phases  mentioned  so  far  have  had  any  occurrence  in  phase 
diagrams  among  the  first  six  groups  of  the  three  transition  series. 

Bbwever,  Zr  and  Hf  have  sufficiently  large  solubility  parameters  that 
Laves  phases  can  be  formed  with  any  of  the  metals  with  radii  sufficiently 
smaller  than  the  radii  of  Hf  or  Zr.  Thus  AB^  phases  are  known  or  can  be 
expected  for  Zr  and  Hf  with  V  and  all  of  the  transition  metals  of  the  sixth, 
seventh,  eighth,  and  ninth  groups.  Zr  and  Hf  form  phases  with  Ni  and 
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probably  Co  of  the  UNi^  type  over  a  range  of  coii5)OSitions .  The  smaller 
Ti,  on  the  other  hand,  forms  Laves  phases  only  v;ith  the  first  transition 
series  metals  Cr,  Ifei,  Fe,  and  Co.  The  radius  ratios  of  the  components 
of  a  Laves  phase  are  different  from  the  ratios  for  the  pure  metals  since 
charge  transfer  or  electron  transfer  undoubtedly  takes  place  betv/een 
elements  of  different  electronic  configuration  and  the  resulting  radii 
will  be  those  corresponding  to  ions  of  the  intermediate  charge.  However, 
for  closely  adjacent  elements  of  similar  electronegativity  the  use  of  the 
metallic  radii  of  the  pure  elements  is  a  useful  guide  in  predicting  the 
occurrence  of  Laves  phases.  Fb  and  Ta  are  too  small  to  form  Laves  AB^ 
phases  with  metals  of  the  second  and  third  transition  series,  but  they 
can  form  Laves  phases  with  Cr,  Mn,  Fe  and  Co. 

In  the  phase  diagrams  among  the  metals  of  the  first  six  groups 
under  discussion,  the  Laves  phases  decompose  peritectically  with 
the  exception  of  ZrCr^  and  HfCr^  which  melt  congruently  and  the 
occurrence  of  the  Laves  phases  does  not  influence  the  phase  behavior 
in  the  vicinity  of  the  liquidus  and  solidus  curves.  However,  the 
occurrence  of  the  Laves  phase  in  the  Cr-Fo,  and  Cr-Ta  systems  is 
undoubtedly  responsible  for  the  smaller  solid  solubilities  due  to 
reduced  activities  of  the  elements  than  would  be  expected  from  the 
regular  solution  equation.  Only  in  the  Cr-Zr  and  Cr-Hf  systems  does 
the  occurrence  of  the  leaves  phase  make  a  substantial  difference  in  the 
high  temperature  behavior  in  the  vicinity  of  the  liquidus  curves.  The 
type  of  interaction  responsible  for  the  Laves  phase  must  also  persist 
in  the  liquid  phase  causing  a  depression  of  the  liquidus  curves  com¬ 
pared  to  ideal  solution  behavior.  This  results  in  poor  distribution 
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coefficients  between  the  solid  and  liquid  phases  for  the  zone  refining 
process.  Although  the  other  Laves  phases  do  not  influence  high 
temperature  behavior  in  the  vicinity  of  liquidus  curves,  they  are,  of 
course, of  interest  as  low  teii5)erature  phases  of  unusual  properties. 

The  only  other  intermediate  phase  that  occurs  in  the  phase 
diagrams  among  the  elements  of  the  first  six  giroups  is  a  samarium  type 
structure  which  is  found  in  binary  diagrams  of  the  various  third  group 
transition  metals  and  the  rare  earth  metals.  This  structure  is  not  of 
high  stability  and  does  not  affect  the  solidus  and  liquidus  curves. 

,  In  the  discussion  of  phase  diagrams  involving  the  first  six  groups 
of  the  periodic  table,  the  problem  of  relationship  between  crystal 
structure  and  electronic  structure  is  very  simple  since  all  of  the 
metals  have  the  body-centered  crystal  structure  at  high  temperatures, 
which  is  to  be  attributed  to  the  stabilization  of  the  electron 
structure  with  a  minimum  number  of  electrons  in  the  s  and  p  states  and 
the  remainder  in  the  the  d  state.  For  transition  elements  to  the 
right  of  the  sixth  group,  the  body-centered  cubic  structure  with 
only  one  s  or  p  electron  per  atom  cannot  be  maintained  unless  d  electrons 
are  paired  and  thus  made  unavailable  for  bonding.  In  the  previous 
discussion  it  was  noted  that  metals  of  the  first  transition  series 
such  as  Cr,  Mn,  Fe,  and  Co  do  not  utilize  d  electrons  efficiently 
in  bonding.  This  results  first  in  the  lack  of  pairing  of  d  electrons 
between  the  atoms,  which  occurs  when  bonding  takes  place,  and  thus 
ferromagnetic  behavior  due  to  the  retention  of  unpaired  d  electrons. 
Secondly  this  results  in  the  appearance  of  the  body-centered  cubic 
structure  for  manganese  and  iron.  On  the  other  hand,  the  heavier 
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transition  elements  gain  sufficient  energy  through  use  of  unpaired  d 
electrons  in  "bonding  so  that  the  seventh  group  elements,  Tc  and  Re,  have 
only  the  hexagonal  close-packed  structure.  To  complete  our  discussion  of 
the  occurrence  of  Structure  I,  it  is  necessary  to  consider  the  extent  to 
which  metals  of  groups  7  to  10  can  be  dissolved  in  body-centered  cubic 
metals  before  a  transfoimation  takes  place  to  Structure  n  or  other  structures. 

It  is  fortunate  the  Hume-Rothery  and  his  associates'^ ^^\ave  ■carried 
out  systematic  phase  diagram  studies  for  Fe  and  Mh  rich  conpositions  and 
have  made  accurate  measurements  of  the  solubility  limits  of  each  of  the 
structures.  All  available  data  for  the  maximum  concentrations  of  added 
transition  metal  in  a’tomic  percent  are  given  in  Table  8  for  body-centered 
cubic  ^kl.  The  ranges  around  50?^  given  for  Rh,  Pd,  Ir,  and  Pt  correspond 
to  the  ordered  body-centered  cubic  CsCl  phases  which  will  be  discussed  in 
more  detail  below.  In  Table  9,  solubility  limits  are  given  for  the  body- 

centered  cubic  phase  of  Fe.  The  data  gi'ven  in  these  tables  were  obtained 

23  2h  25 

from  Hellawell  and  Hume-Rothery,  Gibson  and  Hume-Rothery,  Hellawell, 

and  Hume-Rothery  together  with  earlier  data  from  Hansen  and  Anderko. 

27  28  2Q 

In  addition  Sa'vitskii  and  Kopetskii  ^  ^  presented  additional  data  on 

the  Ti-Mn  and  Zr-Jfo  systems,  the  Nb-Mn  system,  and  the  Ta-Mn  system. 

30 

Sairltskii,  i^lkina,  Kirelenko,  and  Kopetskii  give  the  Re-Mn  diagram. 

The  values  in  parentheses  are  estimated  values  for  systems  for  which  no 
experimental  data  are  available. 

The  trends  in  both  ■tables  are  generally  consistent  with  the  Engel  corre¬ 
lation  and  the  solubility  parameter  differences.  The  effect  of  electron 
configuration  of  the  added  metal  is  best  seen  with  minimum  complication 


Table  8.  Maximum  Concentrations  in  Body-Centered  Cubic(l)  Manganese  in  Atomic  Percent. 
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from  internal,  pressure  differences  by  comparing  the  solubilities  in 

the  body-cente.red  cubic  Structure  I  of  Mn.  and.  Fe  gl.ven  in  Tab.l,es  8 

and  9  vl  fch  the  eor.respo.nding  solubilities  in  the  face-centered  cubic 

Structure  III  of  Mn.  and  Fe  given  in  Tables  l4  and  1.5 » 

In  the  earl.ier  discussion  it  was  seen  that  the  metals  of  the 

.first  six  groups  must  suffer  considerable  promotion  energies  to 
2 

atta.in  a  sp  configuration  with  no  gain  in  the  number  of  bonding 

eJ.ectrcns«  Addition  of  any  of  these  metals  to  Structure  III  of  Mn 

and.  .Fe  would  result  in  a  reduction  of  the  number  of  s,p  electrons 

below  the  critical  value  of  2.5  would  thus  decrease  the  stability 

of  Structure  III.  On  the  other  hand,  sol.ution  in  Structure  I  i.n- 

vo.lves  no  change  in  the  con.centration  of  s_,p  e.leetronSo  Consistent 

with  this  d.escription,  the  so.lubilitae3  tabulated  in  the  tables  show 

that  the  metal.s  of  the  fourth  to  si.xth  groups  have  hi.gher  solubilities 

in  Structures  I  of  Mn  and  Fe  than  in  Structure  III  and  thus  stabilize 

Structure  I  relative  to  Structure  III.  Re.  Ru  and  'undoubted.ly  Tc, 

and  Os^,  with,  their  intermediate  co.ncentratl.on  of  ti>ro  s,,p  electrons 

per  atom,  are  found  to  be  neutral  in  that-  their  solubiI.i'i:;ies  in.  both 

structures  are  c.lose.ly  the  same  fox'  Mn,  .Ru,  an.d  Os  favor  S't'ructure  III 

of  .Fe  some'w'hat  over  Stj’ucture  I.  The  remairdng  roetals_,  with  the 

e.x.ceptio.n  of  Co..,  favor  Structura  III  over  Sti-ucture  I  as  they  have 

a.n  excess  of  electrons  which  will,  de‘"Sta.bi.lize  Structure  I.  by 

increasing  the  s,p  concentration  above  .1.  5  electrons  per  atom,.  Co 

7 

in  its  Structure  II  has  the  electron  configuration  d'sp.  Mh.  in 

5 

P-Mn,  un,douhtedly  disp.lays  a  mixture  of  configurations  of  which  d  sp 
would  he  expected  to  be  an  important  contributor.  Thi.s  is  manifested 
in  a  very  substantial  stabilization  of  p-Mr  l>y  addition  of  Co. 


UCRL-10701 


-35- 


This  stabilization  greatly  reduces  the  fields  of  the  other  two 
forms  and  low  solubility  of  Co  in  Structure  III  of  Mn  is  due  to  this 
coii5)etition  with  the  saturating  phase  of  p-Mn  structure,  ite  does 
not  have  any  phase  with  a  substantial  contribution  from  an  sp  electron 
configuration  and  Co  then  stabilizes  Structure  III  over  Structure  I 
as  expected. 

The  trends  in  these  tables  yield  valuable  information  about  the 
interactions  between  the  various  metals  and  a  number  of  additional 
comments  could  be  made.  However,  at  this  point,  the  comments  will 
be  limited  to  pointing  to  the  effect  of  the  low  internal  pressure  of  Pd 
and  Ag.  It  was  mentioned  earlier  that  these  low  values  are  associa'ted 
with  the  unusually  large  promotion  energies  required  to  promote  d 
electrons  to  the  p  state  for  these  elements.  As  a  result,  the 
solubilities  of  Pd  and  Ag  are  considerably  less  than  would  be 
expected  from  the  basis  of  electron  configuration  alone. 

In  the  earlier  discussion  on  the  procedure  for  application  of 
the  Engel  model,  the  procedure  for  predicting  the  solubility  of 
metals  of  the  seventh  to  tenth  groups  in  body-centered  cubic  phases 
was  illustrated  by  the  exaisples  of  Tc  and  Re  in  Mo  and  W  and  Pt 
in  Mo.  This  procedure  ie  found  to  yield  maximum  solubilities  in 
good  agreement  with  the  available  data.  The  procedure  assumes  that 
the  metals  with  excess  electrons  will  shed  their  excess  electrons 
to  attain  the  d  s  p  *  configuration.  As  noted  above,  this 
corresponds  to  a  maximum  solubility  of  50  atomic  percent  for  Re, 

25  atomic  percent  for  Os,  l6  atomic  percent  for  Ir,  and  12  atomic 
percent  for  Pt  in  a  sixth  group  metal.  One  must  also  take  into 
account  internal  pressure  differences  and  competition  of  other 
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phases o  Using  data  for  Cr,  Mo,  and  W,  the  actual  solubilities  run  as 
follows:  Re,  35.43,  Os,  10-20,  Ir,  10-15,  and  Pt,  4-10  atomic  percent. 
It  is  found  that  the  solubilities  predicted  on  the  basis  of  a 
d^sS*^°^  are  limits  which  are  often  approached,  but  generally  the  actual 
solubilities  will  lower  by  an  amount  which  depends  upon  the  difference 
in  internal  pressure,  the  number  of  intermediate  phases,  and  finally 
the  degree  to  which  the  metal  with  excess  electrons^ is  able  to  lose 
electrons  to  attain  the  d^  configuration  and  the  degree  to  which  the 
metal,  with  an  el,ectron  deficiency  can  take  up  electrons  to  approach  the 
d^  configuration o  Generally  the  data  indicate  that  the  more  removed 
the  metals  are  from  one  another  in  the  periodic  table  and  therefore 
the  larger  the  electron  transfer  required,  the  larger  the  deviation  from 
d^  configuration.  Sufficient  data  are  available  to  map  out  the  con¬ 
figurations  to  be  expected  for  various  combinations  of  metals. 

The  mixing  of  metals  which  are  considerably  removed  in  the 
periodic  table  leads  to  a  considerable  charge  transfer  even  if  they 
do  not  quite  attain  the  d^  configuration.  If  Ru  is  dissolved  in  Hf, 
for  example,  the  average  number  of  s,p  electrons  per  atom,  would  be 
below  the  1.5  limit  for  Structure  I  even  in  alloys  with  m.ore  Ru  than 

5 

Hf ,  The  average  configuration  corresponds  to  d  s  in  RuHf  although  a 

Ken  5  „  5  1, 

better  description  might  be  d  °^s  for  Hf  and  d  s  for  Ru,  Thus  a 
charge  transfer  of  1,5  to  2  units  is  expected.  Since  charges  of  like 
sign  repell  one  another,  Hf  ions  tend  to  become  surrounded  by  Ru  ions 
and  vice-versa.  This  leads  to  an  ordered  body-centered  cubic  structure 
or  the  CsCl  structure.  This  ordering  leads  to  additior^al  stabilization 
of  the  structure  by  the  coulombic  attraction  of  ions  of  opposite  charge. 
In  Table  8,  two  body-centered  cubic  ranges  are  shown  for  alloys  of  Mn 
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with  Rh,  Ir,  Pd,  Pt,  and  Au.  The  ranges  around  50  atomic  percent 

■S'? 

correspond  to  ordered  CsCl  structures  and  the  ranges  of  few  percent 

solubility  correspond  to  random  body-centered  cubic  structures  in 

which  ions  of  one  type  are  so  far  removed  on  an  average  that  no 

ordering  is  necessary  to  avoid  coulombic  repulsive  effects.  The 

charge  on  the  major  metal  is  spread  out  over  many  atoms.  If  one 

takes  an  extreme  example  such  as  ScPt,  one  might  assign  an  average 

5  10.5 

electron  configuration  d'^s  p  corresponding  to  a  charge  transfer 

5 

of  3.5  units  althou^  the  Sc  is  undoubtedly  short  of  the  d  configura¬ 
tion  and  Pt  has  not  dropped  down  to  the  d^  configuration. 

One  might  ask  if  it  is  reasonable  to  expect  such  large  charge 
transfers  and  particularly  the  assun5)tion  of  a  negative  charge  by 
Sc  of  at  least  two  units.  Actually,  elements  can  take  both  positive 
and  negative  charges.  Thus  hydrogen  takes  a  positive  charge  when 
it  reacts  with  fluorine  while  it  takes  a  negative  charge  when  it 
reacts  with  an  alkali  metal.  Hydrogen  probably  takes  on  a  larger 
actual  negative  charge  than  it  does  a  positive  charge.  In  HF>  it 
shares  the  electron  that  it  has  donated  and  assumes  a  charge  merely 
due  to  the  polarization  of  the  electron  pair  bond  which  draws  the 
electron  pair  closer  to  the  fluorine  nucleus  than  to  the  proton. 

In  an  alkali  hydride,  the  one  negative  charge  of  hydrogen  is  reduced 
by  polarization  of  the  closed  1  s  shell,  but  lattice  calculations 
indicate  that  it  has  a  substantial  negative  charge.  In  metals  with 
their  abundance  of  electrons,  it  is  much  easier  for  an  element  to 
assume  a  negative  charge  and  one  can  e:5q)ect  both  negative  or  positive 
charge  for  a  given  element  depending  upon  whether  the  environment  is 
electron  donating  or  electron  trapping.  The  number  of  d  electrons 
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that  transfer  is  detennined  hy  the  additional  bonding  energy 

available  upon  unpairing  of  d  electrons  plus  the  additional  coulombic 

energy  that  results  from  the  presence  of  ionso  The  resulting  charge 

transfer  which  is  limited  by  the  ionization  potentials  and  affinities 

of  the  metals  is  then  undoubtedly  reduced  by  polarization  of  the  d 

electron  pair  bonds.  The  problem  of  characterizing  the  stability 

of  the  structxjre  becomes  the  same  as  treating  the  stability  of  typical 

transition  metal  compounds  where  there  are  both  ionic  and  metallic 

31 

contributions  to  the  bonding.  This  situation  has  been  discussed 

2  32 

for  the  sulfides  of  Ce^  Th^  and  U  and  for  other  compounds  ^  of  ' 
transition  metals.  These  intermetallic  compounds  with  CsCl  structure 
are  expected  to  have  similar  properties  to  those  of  typical  compounds 
of  metals  with  non-metals  such  as  Si^  and  S. 

The  six  alkali  and  alkaline  earth  metals  that  we  are  considering 
do  not  form  CsCl  phases  with  any  of  the  transition  metals.  Third 
group  metals  are  known^^^^^to  form  CsCl  phases  with  transitions  metals 
of  the  ninth  and  tenth  groups  as  well  as  with  metals  of  the  Cu  and 
Zn  groups.  ScRu  is  known  and  other  compounds  with  metals  of  the  eight 
group  are  to  be  expected.  Ti  forms  CsCl  phases  with  Tc_,  Pe^  Ruj,  Os^  Co 
and  Ni  while  Zr  and  Hf  only  forms  such  phases  with  Ru^  Os^  and  Co. 

V  forms  CsCl  phases  with  Eu^^s  while  Mb  and  Ta  form  such  phases 
only  with  Ru.  Beck  ,  Dwighf^-^  and  Yao  have  reviewed  the 
occurrence  of  CsCl  phases  and  their  comments  upon  the  relationship 
between  stability  and  electron  concentration  are  consistent  with 
the  present  interpretation  in  terms  of  the  Engel  Correlation.  In 
connection  with  the  discussion  of  metals  taking  positive  or  negative 
formal  charges  depending  upon  the  nei^boring  atomsj,  it  is  of  interest 
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to  consider  the  possibility  of  a  reversal  of  sign  of  the  charge  of 
Sc,  for  example,  in  the  series  of  alloys:  ScRu,  ScRh,  ScPd,  and 
ScAgo  The  Engel  theory  would  predict  a  negative  charge  for  Sc  in 
alloys  where  d  electron  bonding  contributes  significantly.  However, 
if  the  alloying  metal  is  far  to  the  right  and  needs  strong  d  bonding  to 
offset  the  high  promotion  energy  for  d  electrons,  one  may  reach  an 
alloy  where  the  p  electrons  will  collapse  down  into  the  d  shell  and 
Sc  need  not  act  as  an  electron  sink.  For  metals  even  more  to  the 
right.  Sc  Eilgnt  become  positive  in  a  manner  similar  to  the  electron 
transfer  in  MaTf  where  the  Ti  uses  an  electron  from  Ife  to  form  -a 
diamond  lattice  with  sp3  tending  leaving  held  electrostatically,  ' 
Ifevltt  has  reviewed  the  behavior  of  the  transition  metal  phases  of 
CsCl  structure  and  indicates  that  the  elements  to  the  left  of  the 
periodic  table  take  a  positive  charge  and  that  electronic  configura- 
tions  may  not  be  important.  In  the  present  discussion,  the  CsCl 
phases. will  be  retained  as  part  of  the  body-centered  cubic  phase 
region  and  will  be  treated  as  phases  dependent  upon  electron  con¬ 
centration. 

The  above  discussion  Illustrates  the  procedures  that  can  be 
employed  to  characterize  the  occurrence  of  the  body-centered  cubic 
Structure  1»  The  final,  results  after  considering  competition  with 
other  phases  are  presented  for  many  transition  metal  systems  In  the 
form  of  phase  diagrams  at  the  end  of  this  paper. 
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V.  OCCURRENCE  OF  THE  HEXAGONAL  CLOSE -PACKED  STRUCTURE  II 

The  hexagonal  close-packed  structure  is  not  a  common  one  for  alloys 
of  the  transition  metals  because  of  strong  competition  by  structures  with 
overlapping  electron  concentrations.  It  has  been  noted  above  that  the 
hexagonal  close-packed  Structure  II  is  to  be  expected  for  s,p  electron 
concentrations  between  1.7  and  2»1  electrons  per  atom.  The  Mg^Cd  or 
Ni„Sn  and  TiCu  crystal  types  are  also  close-packed  hexagonal  with  order- 
ing  of  the  two  types  of  atoms.  Their  occurrence  is  considered  part  of  the 
Structure  II  range.  VCo^  and  TiNi^  crystal  types  are  also  included  as 
part  of  the  hexagonal  close -packed  range  although  they  might  be  considered 
as  transitional  toward  the  ordered  face -centered  cubic  AuCu^  and  TiAl^ 

.  .  .  12,40,44 

crystal  types.  ^  ’ 

In  the  earlier  discussion,  it  was  noted  that  the  tendency  of  the 
transition  metals  of  the  first  six  groups  to  form  structures  corresponding 
to  a  maximum  concentration  of  d  electrons  and  a  minimum  concentration  of 
s,p  electrons  resulted  in  the  occurrence  of  the  body-centered  cubic 
structure  for  all  of  those  groups  although  Sr  and  themetals  of  the  third 
and  fourth  groups  form  the  hexagonal  close -packed  structure  at  low 
temperatures.  These  low  ten5)erature  hexagonal  close-packed  phases  are 
of  little  importance  in  transition  metal  alloy  systems.  When  a 
transition  metal  to  the  right  of  the  fourth  group,  e.g.  Pt,  is  dissolved 
in  a  third  or  fourth  group  transition  metal,  e.g.  Zr,  the  Pt  will  be 
surrounded  by  Zr  atoms .  Since  the  third  and  fourth  group  metals  can  use 
their  empty  d  orbitals  as  electron  sinks,  the  extra  d  electrons  of  Pt 
can  be  unloaded  to  maximize  the  number  of  unpaired  d  electrons  available 
for  bonding.  However,  to  use  these  unpaired  d  electrons,  the  neighboring 
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Zr  atoms  must  have  sufficient  unpaired  electrons  to  bond  with  the  electrons 
of  the  Pt»  Clearly  the  body- centered  structure  I  of  Zr  with  a  larger 
number  of  d  electrons  per  atom  will  provide  better  bonding  possibilities 
for  the  d  electrons  of  the  Pt  than  the  hexagonal  close-packed  Structure  II » 
In  agreement  with  this  expectation  of  the  basis  of  the  Engel  correlation, 
it  is  found,  almost  universally  that  addition  of  transition  metals  to  the 
right  of  the  fourth  group  in  the  periodic  table  stabilizes  the  body- 
centered  cubic  structures  of  the  third  and  fourth  group  transition  metals 
relative  to  the  close-packed  structures  with  less  d  electrons  per  atom. 

On  the  other  hand,  the  addition  of  non-metals  or  non-transition  metals 
which,  can  net  form  d  electron  pair  bonds  with  the  d  electrons  of  the 
third  and  fourth  group  transition  metals  almost  universally  stabilizes 
the  close-packed  structures.  The  same  tendency  to  maximize  the  number 
of  unpaired  d  electrons  per  atom  at  the  expense  of  the  s,p  e.lectrons  is 
seen  in  the  reverse  process  of  dissolving  the  third  and  fourth  group 
metals  in  transition  metals  to  the  right  in  the  periodic  table.  For 
example,  the  fourth  groups  metals  show  no  tendency  to  stabilize  the 
hexagonal  close -packed  structure  of  Co,  nor  do  they  seem  to  he  particu¬ 
larly  so.l.uble  in  Re,  although,  internal  pressure  differences  might  be  the 
dominant  factor  there.  Thus  it  appears  that  at  least  6.7  valence  electrons 
per  atom  are  required  before  Structure  II  can  be  obtained  at  high 
temperatures.  The  instability  of  the  hexagonal  close-packed  structure  for 
groups  seven  to  nine  of  the  first  transition  series  except  for  the  low 
tenperature  form  of  Co  has  been  discussed  earlier.  In  the  second  and 
third  transition  series.  Structure  II  is  found  for  Te,  Re,  Ru,  and  Os 
and  it  is  also  generally  foun.d  for  alloys  of  other  transition  metals  with 
equivalent  electron  concentrations.  The  group  Tc,  Re,  Ru,  Os  and  Co  with 
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sp  configurations  are  miscible  in  all  combinations  in  the  hexagonal 
close-packed  structure. 

Table  10  presents  the  composition  limits  of  the  hexagonal  close- 
packed  structure  for  alloys  of  Co.  The  experimental  values  obtained 
from  Hansen  and  Anderko^^  are  rather  inaccurate  when  Structure  II  is  stable 
only  at  low  temperatures  because  of  difficulty  in  obtaining  equilibrium 
between  Structures  II  and  III  of  Co  at  low  ten5)eratures.  The  values  in 
parentheses  are  estimated  values.  For  Mo^  W,  and  V,  the  25  atomic 

40 

percent  values  corresponds  to  ordered  phases  of  Bfi^Sn  and  VCo^  type 
which  may  be  separated  by  a  small  miscibility  gap  from  the  main  hexagonal 
close-packed  range.  The  trends  are  in  agreement  v/ith  the  expectations  of 
the  Engel  theory.  Metals  with  d^sp^  and  d^sp^  configurations  stabilize 
Structure  II.  Metals  with  more  electrons  increase  the  electron  concen¬ 
tration  to  the  limiting  concentration  at  which  Structure  II  becomes  unstable 
with  respect  to  Structure  III.  Thus^  as  metals  with  more  and  more  electrons 
are  added,  the  solubility  limit  decreases.  Likewise,  metals  with  too 
few  electrons  decrease  the  electron  concentration  to  the  lower  critical 
limit  and  the  fewer  the  number  of  electrons  per  atom  of  added  metal,  the 
lower  the  solubility  limit  for  Structure  II. 

To  determine  the  compsoition  ranges  foi  various  alloys  based  on  metals 
of  the  second  and  third  transitions  series,  it  is  necessary  to  establish 
the  number  of  d  electrons  per  atom  associated  with  the  critical  limits 
of  1.7  and  2.1  s,p  electrons  per  atom  for  Structure  II.  The  procedure 
has  been  outlined  for  the  Mo-Pt  system  in  the  section  discussing  the 
procedure  for  applying  the  Engel  Model.  It  was  used  to  fix  the  limits 
of  Structure  I.  The  data  for  the  fifth  and  sixth  group  systems  with  Re, 

Os,  Ir,  and  Pt  will  be  used  to  illustrate  the  method. 
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Table  10.  Maximum  Concentrations  in  Hexagonal 

Close -Packed( II)  Cobalt  in  Atomic  Percent. 


Hi,  Fd,  Pt 

(20) 

Cr 

40 

Rh 

(67) 

Mo 

25 

Ir 

(75) 

W 

25 

Fe 

10 

V 

(15); 

Ru 

100 

Nb 

5 

Os 

100 

Ta 

5 

lin 

27 

Ti 

(15) 

Tc 

100 

Zr 

1 

Re 

100 

Hf 

(1) 
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The  solubility  limit  of  Structure  I  for  Re  in  Mo  and  W  corresponds 

to  d^s^p*^'^.  If  the  d  shell  does  not  fill  up  appreciably  at  the  lower 

end  of  Structure  II,  the  limit  would  be  expected  at  about  d^'^s^p^*"^ 

or  6.8  valence  electrons  per  atom,  which  corresponds  to  a  solubility 

limit  of  around  20  atomic  percent  Mo  or  W  in  Re.  The  solubility  limit 

of  sixth  group  metals  in  Os  corresponds  to  6.92  -  6.96  electrons  per 

atom.  For  the  low  iridium  end  of  the  Structure  II  range,  it  has 

increased  to  7.0  -  7.I  and  for  Mo-Pt,  it  is  7-12  electrons  per  atom. 

5  110  7 

This  indicates  a  gradual  trend  from  the  d  s  p  configuration  with 
S  U  1  0  7 

Re  to  d-"^'  s  p  with  Pt.  The  general  rule  is  that  there  is  increasing 
5 

deviation  from  d  ,  the  farther  either  of  the  metals  is  from  the  sixth 
and  seventh  groups.  Also  the  metal  of  first  transition  series 
generally  has  slightly  fewer  d  electrons  than  the  corresponding  metals 
of  the  second  and  third  transition  series.  With  Tc,  Re,  Ru,  and  Os, 

the  upper  limits  of  Structure  II  are  the  pure  metals  with  configurations 

s  6 

d''^sp  and  d  sp.  For  Rh  and  Ir,  there  is  a  transition  from  Structures  II 
to  III  as  the  Rh  or  Ir  content  increases.  With  Mo  and  W,  this  lim^t; 
corresponds  to  d^’^s^p^*^  with  only  a  slightly  higher  value  in  Pd  apd 
Pt  alloys  of  Mo.  These  trends  are  gradual  enough  to  allow  rather 
straightfon/ard  predictions  of  unknown  systems. 

Table  11  lists  the  maximum  compssitions  for  which  alloys  of  Tc,  Re, 
Ru  and  Os  retain  Structure  II.  The  miscible  systems  of.Te,  Re,  Ru^Os 
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TaTsle  11.  Maximum  Concentrations  in  Atomic  Percent  of  Solute  in 
the  Hexagonal  Close -Pa eked  (II )  Phases. 


Tc  and  Re  Alloys 

Ru  and  Os  Alloys 

(50)  Ni 

49  Ni 

(10)  Pd 

44  Pt 

40  Pd,  Pt 

45  Ir 

25  Rh 

50  Rh,  Ir 

(40)  Fe 

77  Fe 

(25)  Mn 

51  Mn 

20  Cr,  Mo,  W 

50  Cr,  Mo,  W 

5  V  ,  Nb,  Ta 

30  V  ,  Nb,  Ta 

4  Ti,  Zr,  Hf 

(25)  Ti,  Zr,  Hf 
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and  Co  have  not  been  listed.  The  values  given  for  Re  may  also 
be  used  for  Tc.  Likewise,  the  Ru  values  may  be  used  for  Os  as 
the  differences  in  behavior  are  smaller  than  the  uncertainties 
of  prediction.  Tne  main  diffei-ence  is  that  the  solubility  limits 
for  metals  of  the  first  and  second  transition  series  are  closer 
together  for  Tc  and  Ru  alloys  while  the  limits  for  metals  of 
the  second  and  third  series  are  closer  together  for  Os  and  Ir 
alloys.  I'fost  of  these  limi.ts  have  not  been  experimentally 
established.  Ejsperimental  values  are  available  for  the  Ft,  Ir, 

Mo,  W,  Nb,  and  Ta  systems  of  Re,  the  W,  Mo,  Cr,  Ta.,  and  Ib 
systems  of  Ru  and  Os,  and  the  Ri,  Pd,  Ir,  Fe,  and  Ifei  systems  of 
Ru.  Values  given  for  any  other  systems  in  Table  11  are  estimated. 
References  are  given  later  for  the  systems  of  the  fifth  and 
sixth  group  metals  and  systems  of  the  first  trsoisition  series 
when  drawings  of  the  phase  diagrams  are  given.  As  diagrams  are 
not  given  later  for  the  following  systems,  the  references  are 
given  here  as  follows:  Ru-Ir  and  Re~Pt,^^  Ru-Pd,^^^'^  Re-Ir, 

Re-Pd  and  Re-Rh.^'^.  The  phase  diagrams  of  Tc,  Re,  Ru  and  Os 
with  Ni,  Pd,  Pt,  Rh,  and  Ir  are  simple  systems  with  a  miscibility 
gap  between  Structures  II  and  II  and  with  no  inteimjediate  phases, 

Ttae  internal  pi*essures  are  closely  enough  the  same  so  that  no 
immiscible  liquids  are  expected  except  poss?-bly  for  Re~Pd  for  which 
the  temperature  of  the  liquid  range  is  high,  enough  so  that  miscibility 
is  exqiected. 
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The  trends  shown  in  Table  11  are  in  agreement  with  the 
Engel  theory.  Tc,  Re,  Ru,  and  Os  with  their  sp  electronic 
configurations  are  miscible .  Addition  of  metals  to  the  left 
reduces  the  electron  concentration  to  the  critical  limit 
for  Structure  II.  The  farther  to  the  left,  the  lov/er  the 
solubility  of  a  metal  as  the  more  electron  deficient  metals 
are  more  effective  in  reducing  the  average  electron  concentra¬ 
tion.  Addition  of  metals  to  the  right  limits  the  range  of  Struc¬ 
ture  II  by  increasing  the  electron  concentration  to  the  upper 
limit.  The  farther  to  the  right  the  lower  the  solubility 
as  the  metals  with  a  greater  excess  of  electrons  are  more 
effective  in  increasing  the  average  electron  concentrations. 

Ru  and  Os  with  their  excess  of  one  d  electron  can  dissolve 
considerably  larger  amoujits  of  metals  with  Structure  I  than 
can  Tc  and  Re„ 

One  of  the  strongest  confirmations  of  the  Engel  theory  is  the 

occurrence  of  Structure  II  at  intermediate  conroositions  when  metals 

4l 

of  Structure  I  are  alloyed  with  metals  of  Structure  IH.  Wallbaum 

had  recognized  the  role  of  electronic  configuration  in  the  formation 

l6  42 

of  such  hexagonal  phases  and  recent  data  ^  have  strongly  supported 
such  a  view.  The  composition  limits  found  in  these  systems  correlate 
with  the  composition  limits  found  for  alloys  of  Re,  Ru,  and  Os.  Table 
12  tabulates  the  experimental  or  predicted  ranges  for  the  hexagonal 
close-packed  Structure  II  of  alloys  of  Rh,  Ir,  Ri,  Pd,  and  Pt  with 


metals  of  Structure  I. 
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structure  II  is  consistently  obtained  as  an  intermediate  phase  when  Ir 
and  Rh  are  alloyed  with  metals  to  the  left  of  group  seven.  Ni,  Pd,  and 
Pt  have  such  as  excess  of  electrons  that  Structure  III  persists  even 
with  large  additions  of  Structure  I  metals.  Because  of  the  deviation 
from  d^  configuration  when  the  metals  are  far  removed  in  the  periodic 
table,  the  composition  ranges  for  Structures  II  and  III  overlap  and 
Structure  II  becomes  unstable  with  respect  to  Structure  III.  The 
variation  of  competition  between  Structures  II  and  III  for  metals  of  a 
given  group  depends  upon  relative  bonding  strengths  of  d  and  s,p  electrons. 
Structure  II  is  favored  over  Structure  III  in  alloys  of  metals  of  the 
seocnd  transition  series  relative  to  the  first  and  third  transition 
series.  Structure  II  is  formed  in  the  Mo-Pt  but  not  in  the  W-Pt  and 
Cr-Pt  systems.  However,  the  phase  diagrams  given  at  the  end  of  this 
paper  show  that  relatively  small  additions  of  Mo  to  either  the  Cr-Pt 
or  W-Pt  are  sufficient  to  stabilize  Structure  II.  Metals  of  groups 
four  to  six  form  ordered  hexagonal  close -packed  phases  with  composition 
AB^  which  are  included  as  part  of  the  range  of  Structure  II.  Most 
values  of  Table  12  are  predicted  on  the  basis  of  the  Engel  correlation. 
References  are  given  for  the  portion  of  the  data  of  Table  12  which  are 
experimental  at  the  end  of  the  paper  along  with  the  phase  diagrams. 

No  Structure  II  phases  are  predicted  for  any  of  the  metals  of  the 
first  transition  series  alloyed,  v/ith  Ni  because  the  range  of  stability 
corresponding  to  hexagonal  Co  would  be  too  small  and  would  be  expected 
only  at  low  temperature  where  equilibrium  would  be  difficult  to  attain 
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Table  12.  Hexagonal  Close-Packed  Ranges  in  Atomic  Percent 
of  Rh,  Ir,  Ni,  Pd,  and  Pt. 


Mo 

50-60  Pd 

Cr 

35±12  -  70±5 

Mo 

28-54  Pt 

Or 

35+  7  -  68.5  Ir 

Mo 

43  -  82 

Rh 

Mo 

(36  -  83) 

Ir 

Nb,  Ta,  Mo 

75  Wi 

W 

42  -  82 

Rh 

Zr,  Hf 

75  Pd,  Pt 

W 

34  -  78 

Ir 

Ti 

75  Ni,  Pd 

V 

(  59  -  66) 

Rh 

V 

(60  -  67) 

Ir 

Nb 

52-54,  68  -  71 

Rh 

Fd 

54  -  61 

Ir 

Ta 

53.5-  62 

Rh 

Ta 

50  -  55 

Ir 

Zr, 

Hf  (73) 

Rh 
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even  if  they  had  a  range  of  stability.  Similarily  no  composition 

ranges  vrere  listed  for  Mn  and  Fe  alloyed  with  Rh,  Ir,  Pd,  and  Pt.  Any 

such  phases  would  he  e3q)ected  to  he  stable  only  at  low  temperatures. 

or  B-Mn 

For  lln,  it  is  more  likely  that  a-Mr/would  he  stabilized  rather  than  a 
hexagonal  phase  would  form. 

The  low  temperature  hexagonal  pihases  of  the  third  and  fourth  groups 
have  been  discussed  earlier.  They  are  of  little  importance  In  alloy 
systems  except  for  alloys  within  each  group  where  complete  solid 
miscibility  j,s  expected  at  temperatures  near  the  melting  points. 
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VI.  OCCUEEEWCE  OP  THE  PACE-CEKTERED  CUBIC  STRUCTURE  HI 

It  was  noted  above  in  Section  III  that  the  face-centered  cubic 

Structure  HI  is  found  for  s,p  electron  concentrations  of  2.5  to  3 

electrons  per  atom.  VJith  the  exception  of  low  temperature  forms  of  Ca^ 

Sr,  and  La,  which  have  been  discussed  above.  Structure  III  is  found  only 

among  the  transition  metals  for  Ito,  Fe,  the  metals  of  groups  nine  and 

ten,  and  the  Cu-Au  group.  The  electron  configurations  range,  on  the 

basis  of  the  Engel  correlation,  from  d  ‘^s  p  for  Mn  to  d'sp  for  the 

tenth  group  aind  to  d  sp  for  the  Cu-Au  group.  These  metals  with  a  high 

d  electron  concentration  have  to  pay  large  promotion  energies  to  unpair 

electi*ons  to  make  them  available  for  bonding.  This  requires  efficient 

use  of  the  bonding  electrons.  If  the  bonding  becomes  less  effective  in 

an  alloy,  the  atom  may  return  p  electrons  to  the  d  shell  and  recover 

the  promotion  energy.  A  clear  example  is  given  by  the  alloying  behavior 

of  the  metals  of  the  Cu-Au  group.  In  alloys  X'/ith  non-transition 

metals  such  as  Al,  Sn,  Zn,  etc.,  which  do  not  provide  possibilities  for 

10  1 

d  bonding,  the  atoms  will  revert  to  ad  s  configuration.  The  platinum 
metals  can  be  expected  to  show  similar  behavior  and  thus  show  variable 
valencies  depending  upon  the  environment. 

The  lox^est  electron  concentration  at  which  one  would  still  expect 
the  III  structure  is  d^s^p^*^.  This  lower  limit  overlaps  the  upper 
limit  of  Structure  II  which  reaches  an  average  concentration  as  high 
as  8.5  electrons  per  atorii  for  alloys  of  Mo  and  W  with  Rh  and  Ir 
corresponding  to  the  configuration  d  s  p  and  the  actual  limits 
are  determined  by  competition  between  the  two  structures  as  noted  in  the 
previous  section.  Also  the  combinations  of  metals  with  considerably 
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differing  solubility  parameters  will  restrict  the  solid  solution  ranges, 
particularly  for  alloys  of  Pd. 

Pd,  Pt,  Rh  and  Ir  are  miscible  in  all  combinations  at  high  tempera- 

i  /"O 

tures.  The  highest  critical  temperatures  are  Pd-Ir,  1476  C,  Pt-Ir, 

975°C,  Pd-Rh,  830°C  and  Pd-Pt,  estimated  as  1000°C.  Table  13  lists 

limits  of  Structure  III  as  well  as  isolated  ordered  ranges  for  alloys  of 

Pd,  Pt,  Rh,  and  Ir  with  metals  of  Structures  I  and  II «  Alloy  systems 

between  metals  of  Structure  II  and  Structure  III  are  not  expected  to  have 

any  compounds  other  than  ordered  Structure  II  and  III  phases  at  low 

temperatures.  These  diagrams  consist  of  a  miscibility  gap  between 

solid  Structures  II  and  III  with  miscibility  of  the  liquids.  References 

l4 

to  sources  of  data  more  recent  than  given  by  Hanses  and  Anderko  for 
alloys  of  Re,  Ru,  and  Os  with  Pd,  Pt,  Rh,  and  Ir  are  given  in  connection 
with  Table  11.  The  other  systems  of  Table  I3  are  given  as  phase  diagrams 
at  the  end  of  this  paper  along  with  references.  Ho  other  data  are 
available  and  the  remaining  information  in  Table  13  is  predicted  by  use 
of  the  Engel  correlation. 

The  competition  between  Structures  II  and  III  is  illustrated  by  the 
intermediate  phases  of  often  relatively  narrow  range  around  75  atomic 
percent  of  metals  of  groups  9  and  10,  which  have  Structure  III  in  the 
pure  state.  Alloys  of  group  six  metals  with  group  ten  metals  would 

6  2 

yield  the  electron  configuration  d  sp  at  the  composition  AB^  if  a 
maximum  number  of  unpaired  d  electrons  is  to  be  obtained.  With  platinum, 
the  range  of  Structure  III  is  well  beyond  the  AB^  coH^osition.  Palladiiam 
with  its  smaller  internal  pressure  ha,s  a  Structure  III  range  beyond  AB^ 
for  Or  and  Mo  but  can  only  dissolve  20  atomic  percent  of  W.  With  Hi 
neither  W  or  Mo  extend  the  Structure  III  range  up  to  AB^  and  the  use  of 
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Table  13.  Limit  of  Face-Centered  Cubic  (ill)  Phases  in 


Atomic  Percent  of 

Solute . 

Pt 

Pd 

Rh  and 

Ir 

Ru 

60 

Ru 

16 

Ru, 

Os 

(50) 

Os 

(50) 

Os 

(15) 

Mn, 

Tc,  Re 

50 

Re 

45 

Re 

(25) 

Cr 

25-28 

Cr 

62 

Cr 

49 

Mo 

15-20 

Mo 

42 

Mo  ■ 

39 

W 

19 

W 

63 

W 

20 

V 

15,  VB3 

V 

(45) 

V 

57 

Nb 

11,  NbB^,  Hblr^  ^ 

Nb,  Ta 

36 

I'lb,  Ta 

46 

Ta 

ih,  TaB_,  Tair  _ 
^  3  1*5 

Ti 

25 

Ti 

20 

Ti,  Zr, 

Hf 

15,  AB3 

Zr,  Hf 

(23) 

Zr,  Hf 

(22) 

Sc 

ScRh^ 

3 

Sc,  Y 

MPt3 

Sc,  Y,  La 

MPd^ 

Formulas  are  given  for  ordered  phases  which  are  isolated  from  the  main 


Structure  III  range . 
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d  electrons  by  N:L  is  poor  enough  to  allow  foraiation  of  ordered.  Mo.Wi2 

with  TiCu^  structure^  which  b.as  the  hexagonal  close-packed  Structure  II. 

7.111.7  712 

The  electronic  configuration  between  d'  s  p  and  d.  s  p  for  pure  Ni 
must  have  changed  to  d  ' ^s  p  ”  if  Mo  in  MoKi^  has  the  configuration 
d^s^p^”^'  or  to  d^”^s^p^°^  if  Nl  and  Mo  take  the  same  average  configuration. 
The  corresponding  MoPd„  of  Structure  III  would  have  an  average  configuration 
d°“'^sp  and  would  have  more  unpaired  d  electrons  available  for  bonding. 

Similarly  the  fifth  group  metals  can  extend  the  range  of  face -centered 
cubic  Pd  and  P't  beyond  the  AB^  composition;,  but  NbMi^  and  TaUi^  have  the 
ordered  TiCu^  type  of  Structure  II.  The  additional  decrease  in  e.lectron 


corj,ee.ntraticm  in 


going  to  the  fourth  group  results  izi  the  TiNl^  type  of 


Structure  II  for  a.ll  o.f  the  ord.ered  AB^  eonipounds  except  for  TiPt^  which 

has  Structure  III.  ZrKi^  and  do  not  form  because  of  favorable 

si?,e  factors  for  the  Laves  phases  of  compositions  between  AB^  and  ABj^. 

TiPt-j  of  Structure  III  must  be  due  to  the  poorer  ability  of  Ti  to  use  its 

d  orbitals  as  electron  sinks.,  Tb.j.s  factor  is  enhanced  in  the  third  group 

and  almost  of  the  ordered  AB^  co.mpounds  with  Pd  and  Pt  have  the  AuCu^ 

type  Structure  III.  La.  and  Ce  may  be  able  to  fill  their  d  orbitals 

sufficiently  to  stabilize  LaPt..  and  CePt._  in  Structure  II  and  the  use  of 

3  j 

unpaired  d  electrons  by  Ni  is  sufficientl.y  poor  to  allow  it  to  retain 
sufficient  paired  d  e.lectrons  to  allow  Structure  II  for  LaNi^^p  ¥N:1^,  and. 
some  of  the  compounds  of  the  first  half  of  the  lanthanides  and  actinides. 

The  lower  electron  concentration  of  the  ninth  group  metals 
accentuates  the  competition  between  Structure  II  and  III  and  all  of  the 


sixth  group  metals  have  AB^  conroositions  of  Structure  II  with  Co^  Rh, 
and  Ir  although  groups  six  and  nine  are  close  enough  together  so  that 
there  is  much  less  ordering  effect  and  the  AB^  compositions  are  part 
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of  a  broad  hexagonal  close-packed  range.  The  range  for  Co  is 
considerably  reduced  and  CrCo^  converts  to  Structure  III  at  high 
temperatures. 

The  favorable  size  factor  for  Laves  phases  of  Kb  and  Ta  with  Co 
causes  reduction  of  the  range  of  both  Structures  II  and  III,  but  ordered 
VCo^  of  Structure  II  forms  at  low  temperatures  and  transforms  to 
Structure  III  at  high  temperatures.  For  all  of  the  fifth  group  metals 
with  Rh  and  Ir,  phases  of  Structure  III  occur  separated  from  the 
range  of  Structure  III  near  the  pure  metals.  However,  the  reduction  of 
electron  concentration  by  addition  of  more  Kb  or  Ta  results  in 
stabilization  of  the  ^*^o^  type  phase  which  could  be  considered  inter¬ 
mediate  between  Structures  II  and  III  and  is  taken  as  part  of  the 
range  of  Structure  II  in  the  phase  diagrams  of  Section  VIII  and  in 
Table  12.  The  delicate  balance  between  the  two  types  of  structures 
is  illustrated  by  comparing  the  Structure  II  ranges  given  in  Table  12 
for  Ta-Ir  and  Kb-Rh  with  the  Structure  III  ranges  given  in  Table  13. 

In  the  Ta-Ir  system  there  are  three  isolated  ranges  of  Structure  III 
between  56  and  100  atomic  percent  Ir  with  the  VCo^  structure  between 
50.5  and  55  atomic  Ir.  In  the  Kb-Rh  system  there  are  two  isolated' 
ranges  of  Structure  III  between  73  ah,d  100  atomic  percent  Rh  and  two 
isolated  ranges  of  structure  between  47  and  7I  atomic  percent 

separated  by  a  range  of  the  B8  KiA.s  structure  between  63  and  64  atomic 
percent  Rh.  This  delicate  balance  of  electronic  and  size  factors  is 
shifted  in  favor  of  Structure  III  for  the  fourth  group  systems  of  Rh 
and  Ir  by  the  poorer  ability  of  the  fourth  group  metals  to  fill  up  their 
empty  d  orbitals.  For  Co  systems,  the  Laves  phases  predominate  for  Hf 
and  Zx  systems,  but  Ti  has  two  regions  near  Structure  H  and 
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Structure  III.  For  third  group  metals,  PuCo^  has  an  ordered  Structure  II 
and  ScRh^  and  ThRh^  have  ordered  Structure  III,  hut  generally  the  Layes 
phases  predominate. 

The  predictions  for  alloy  systems  involving  the  metals  of  the  first 

transition  series  requires  recognition  of  their  poorer  ability  to  use  their 

d  shells  as  sinks  for  electrons.  This  tends  to  favor  Structure  III  to  lower 

total  electron  concentrations  than  for  metals  of  the  other  series.  The 

group  of  face -centered  cubic  metals  Fe,  Co,  Ni,  Rh,  Pd,  Ir  and  Pt  are 

miscible  in  all  combinations  at  high  temperatures,  and  the  hexagonal  Co 

and  body-centered  cubic  Fe  phases  are  reduced  in  stability  by  addition 

of  any  of  the  other  ninth  and  tenth  group  metals  as  discussed  in  earlier 

sections.  Mn  (Structure  III)  is  miscible  only  with  Fe,  Ni,  and  Cu.  The 

reason  for  the  lack  of  miscibility  with  Co  has  been  discussed  in  connection 

with  Table  8  in  Section  IV.  Tables  II4-I7  gives  the  limits  for  the  face- 

centered  cubic  phases  of  Mn,  Fe,  Co,  and  Ni  when  alloyed  with  other  metals. 

Values  in  parentheses  are  estimated.  References  are  given  in  Section  VIII 

of  this  paper  together  with  phase  diagrams  for  the  fourth,  fifth  and  sixth 

group  metal  systems  as  well  as  for  systems  of  Tc,  Re,  and  Ru.  The  references 

for  all  of  the  Mn  and  Fe  systesm  were  given  in  connection  with  Table  8  and 

l4 

9.  Data  for  the  remaining  systems  were  obtained  from  Hansen  and  Anderko  . 
The  trends  in  the  tables  have  been  discussed  in  connection  with  the 
earlier  discussion  of  Tables  8  and  9  have  been  found  to  be  generally 
consistent  with  the  ejqiectations  of  the  Engel  theory  and  the  solubility 
parameters.  The  main  exception  is  the  abnoimally  high  solubility  of  Cu, 

Ag,  and  Au  in  Ni  compared  to  their  solubilities  in  Co  and  Fe  and  their 
respective  solubility  parameter  differences. 


Tatle  ik.  Ifeximum  Concentrations  in  Face-Centered  Cubic(lll)  Manganese  in  Atomic  Percent. 
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TalDle  l6.  I-feiximura  Concentration  in  P^ce-Centei'ed  Cubic(lll)  Cobalt  in  Atonic  Percent. 
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VII.  OCCURRENCE  OF  Cr^Si,  a,  n,  x  and  Other  Type  Electron  Conpounds 

It  was  noted  above  that  alloy  systems  of  Structure  II  and  Structure 
III  metals  with  total  electron  concentrations  betvreen  seven  and  ten 
electrons  per  atom  are  quite  simple  with  no  intermediate  phases.  Alloys 
of  Structure  I  and  Structure  II  metals  with  electron  configurations  between 

L  ^ 

d  s  and  d  sp  form  a  number  of  complex  phases.  It  is  well  established  that 
these  phases  are  electron  compounds  in  that  electronic  concentration  is  the 

12  20  4o  4 3  44  46  47 

primary  factor  which  determines  their  occurrence.  >  >  ’  >  Por 

example,  when  several  of  the  phases  are  found  in  the  same  system,  the  order 

with  increasing  electron  concentration  is  always  Cr^Si,  a,  p,  and  x* 

The  Cr^Si  structure  (Struhturbericht  type  AI5)  is  a  cubic  structure 

with  each  Cr  surrounded  by  ten  Cr  and  four  Si  while  each  Si  is  surrounded 

by  tw’elve  Cr  with  no  near-by  Si  neighbors.  It  is  also  Icnown  as  the  p-W 

structure  after  the  metastable  tungsten  phase  with  W  atoms  occupying  both 

positions  and  as  the  Cr^O  structure.  The  0  structure(3trukturbericht  type 

D8.^  )  is  a  complex  tetragonal  structure  with  five  types  of  positions  v;ith 

coordination  numbers  from  twelve  to  fifteen.  It  is  also  knovm  as  the 

p-U  structure.  The  p  structure  (Strukturbericht  type  is  a  rhombo- 

20 

hedral  structure  closely  related  to  the  a  phase .  The  x  structure 
(strukturbericht  type  A12)  is  a  cubic  structure  with  lattice  sites  of 
twelve,  thirteen,  and  sixteen  coordination  and  is  also  loiown  as  the 
a-manganese  structure.  Nevitt’s  recent  review  presents  the  available 
information  on  these  phases  and  discusses  in  detail  the  influence  of 
e.lcctronic  concentratioi.  and  size  factors  upon  stability  of  these  phases. 


Oxily  a  brief  discussion  is  necessary  here. 
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The  Cr^Si  structure  is  unusual  in  having  abnorinally  short  distances 

4 

between  the  ma.jor  atoms  along  mutually  perpendicular  rows  of  the  atoms. 
The  ordering  of  the  two  atoms  among  the  two  types  of  sites  is  quite 
complete  as  the  deviation  from  the  three  to  one  ratio  is  generally 
quite  small.  MoTc  for  v/hich  the  two  atoms  are  very  close  together  in 
regard  to  both  size  and  electronic  configuration  is  an  exception.  Also 
the  relative  size  requirements  are  rather  limiting;  the  radii  of  the  two 

44 

components  do  not  differ  by  more  than  15  percent. 

It  is  characteristic  that  the  stabilities  of  the  Cr^Si  type  phases 
decrease  from  the  first  transition  series  to  the  second  transition  series 
and  this  structure  is  rarely  observed  with  the  major  metal  from  the  third 
series.  Kevitt^^  has  emphasized  that  the  major  element  of  the  Cr^Si 
type  structure  does  not  maintain  a  spherical  shape  and  that  the  character 
of  the  bonding  betv/een  like  atoms  is  different  from  that  between  unlike 
atoms.  The  behavior  is  reminiscent  of  the  behavior  of  transition  metal 
ions  in  various  crystal  fields.  The  approach  of  substituents  from 
directions  that  minimize  repulsive  contacts  with  the  unsymmetrical  d 
electron  orbitals  considerably  increases  stability.  In  Section  II 
it  v;as  noted  that  the  metals  of  the  first  transition  series  do  not  make 


gooa  use 


of  the  d  electrons  in  bonding  and  this  was  attributed  to  the 


small  spacial  extent  of  the  d  orbits  compared  to  the  s  and  p  orbitals. 
With  increasing  nuclear  charge  from  first  to  third  transition  series, 
the  d  orbitals  become  more  exposed  relative  to  the  s  and  p  orbitals  and 
stronger  bonding  due  to  better  overlap  of  d  orbitals  results  for  metals 
of  the  higher  transition  series.  In  the  Cr^Si  type  structure  metals 
of  the  first  transition  series  are  apparently  able  to  overcome  the 


vn 
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relative  ineffectiveness  of  d  e].ectron  bonding  by  distortion  of  the 
electron  cloud  to  allov/  better  overlap  of  d  orbitals  along  the  direction 
close  contact  of  the  major  atom.  As  the  metals  of  the  higher  transition 
series  achieve  strong  d  electron  bonding  without  this  type  of  distortion, 
the  stability  of  the  Cr^Si  type  structure  compared  to  the  competing 
body-centered  cubic  Structure  I  is  very  much  smaller  for  metals  of  the 
third  transition  series  compared  to  those  of  the  first  transition  series. 
This  is  an  important  factor  in  predicting  the  occurrence  of  the  Cr^Si 
type  structure . 

The  competition  with  Structure  I  is  best  illustrated  by  examining 

the  electron  concentration  ranges  for  the  Cr^Si  type  structure.  If 

5 

one  assumes  that  the  transition  metal  components  will  attain  a  d  con¬ 
figuration,  one  can  calculate  the  range  of  s,p  electron  concentrations. 
The  2.0  value  for  Cr^Pt  corresponding  to  a  d^sp  configuration  is  the 
highest  s,p  concentration  observed  and  is  undoubtedly  lower  due  to  the 
Pt  retaining  more  than  five  d  electrons.  All  other  compounds  of  Cr  and 
Mo  have  betv/een  I.5  and  1.75  s,p  electrons  per  atom.  Thus  the  Cr^Si 
type  phase  does  not  intrude  into  the  electron  concentration  ranges  of 
Structures  II  or  III.  The  ranges  for  the  compounds  of  Cr  and  Mo  do 
not  overlap  the  range  for  Structure  I,  but  for  the  fifth  group  transition 
metals,  the  highest  electron  configuration  for  a  phase 

corresponds  to  I.5  s,p  electrons  per  atom  in  the  compounds  with  Au. 

On  the  other  hand,  Nb^Os  and  the  Al,  Ga,  and  In  compounds  of  Kb  have 
only  0.75  s,p  electrons  per  atom.  V^Rh  and  V^Ga  also  correspond  to 
only  0.75  s,p  electrons  per  atom,  or  well  v;ithln  the  electronic  con¬ 
centration  range  of  the  body-centered  cubic  sti-ucture.  This  may  be 

5  5 

due  to  Fd  and  V  not  attaining  the  full  d  configuration.  If  a  d 
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configuration  is  assumed  for  Ti  and  Zv,  the  s/p  concentrations  for  Cr^Si 
types  phases  are  less  than  1  which  would  indicate  that  Ti  and  Z.r  do  not 
build  up  to  a  d^  configuration. 

Since  the  ordering  of  the  components  between  the  two  sites  of  the 
Cr^Si  structure  restricts  the  composition  to  the  three  to  one  ratio,  it 
become.s  increasingly  difficult  to  maintain  a  high  enough  electronic 
concentration  as  the  main  component  is  changed  from  a  sixth  group  metal 
to  a  fifth  or  fourth  group  metal  to  compete  in  stability  with  the  body- 
centered  cubic  Structure  I.  The  minor  component  must  contribute  a  larger 
number  of  electrons  than  for  compounds  with  the  sixth  group  metals.  Also 
the  increasing  size  as  one  goes  from  the  sixth  group  to  the  fourth  group 
together  with  the  restriction  in  the  size  ratio  eliminates  metals  of  the 
first  transition  series  as  a  minor  component.  The  consideration  of  the 
various  requirements  for  stability  of  the  Cr^Si  type  phase  allows  one  to 
predict  its  occurrence.  The  phase  diagrams  at  the  end  of  this  paper  show  the 
occurrence  of  the  All?  type  structure  for  transition  metal  alloys  of  the  fourth 
to  sixth  groups  with  groups  eight  to  ten.  The  A15  type  courpounds  of  Cr  and 
Mo  extend  outside  the  transition  metals  to  third  and  fourth  group  metals  Al, 
Ga,  Si,  and  Ge .  Y  and  Sfb  can  accormnodate  more  electrons  and  include  Al,  Ga, 
In,  Si,  Ge,  Sn,  V,  As,  and  Sb  in  addition  to  Au  and  transition  metals  of  the 
ninth  am  tenth  groups .  Ta  is  reported  to  fom  compounds  only  with  Au,  Sn, 
and  Sb.  Ti  forms  compounds  with  third  transition  series  metals  from  Ir 
through  Au  and  Eg  as  well  as  Sb  while  Zr  i.s  reported  only  for  Au  and  non- 

i5,44 

transition  elements  Al,  Eg,  Sn,  and  Pb. 

In  some  instances  of  boder-line  stability  such  as  in  the  Cr-Co 
system,  the  body- centered  cubic  Structure  I  is  stable 
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do’-m  to  about  1150°C  at  the  composition  Cr„Co  and  a  possibly  stable 
phase  of  Cr^Si  type  structure  could  be  found  only  by  long  annealing  at 
temperatures  beloi?  lOOo'^C.  It  would  be  of  interest  to  study  the 
stability  range  of  the  V,Co  phase  as  V  is  replaced  by  Cr. 

In  contrast  to  the  Cr^Si  type  structure,  the  c  structure  with  its 
variety  of  lattice  positions  can  shift  components  frora  one  position 
to  another  and  can  thus  be  obtained  over  a  range  of  compositions  from 
15  to  85  atonic  percent.  The  electron  deficient  metal  can  range 
in  size  from  937^  to  115/7  of  the  other  component.  Thus  this  structure 
can  be  produced  for  a  larger  combination  of  metals  v/ith  a  shift  in 
composition  compensating  for  different  electron  donating  or  accepting 
capacities  of  the  components  and  occurs  generally  in  phase  diagrams 
betv.’oen  Structures  I  and  II  accoriraanied  sometimes  by  the  Cr^Si  type 
structure  at  compositions  corresponding  to  lower  electron  concentra¬ 
tions  and  by  the  p  phase  for  higher  electron  concentrations.  It  is 
interesting  that  the  a  phase  occurs  in  alloys  of  the  Structure  I 
metals  and  Structure  II  metals  even  v?hen  the  Structure  I  metal  has 
more  total  electrons  per  atom  as  in  alloys  of  Fe  with  Tc  and  Re. 

It  is  clear  that  it  is  the  s,p  electron  concentration  that  is  controll 

ing.  For  body-centered-cubic  iron,  the  Engel  correlation  assigns 

6 . S  1  0.5 

an  electronic  configuration  d  s  p  .  If  the  same  number  of  d 
electrons  are  retained  in  the  a  phase  and  Re  has  the  configuration 
d'^sp,  then  the  average  number  of  s,p  electrons  per  atom  for  the 
composition^^  range  46  to  54  atomic  percent  Fe  is  1.75*  If  one 
assumes  the  same  number  of  d  electrons  for  iin  and  Fe  as  in  their 
body-centered  cubic  structures,  namely  5*5  6.5,  when  they  alloy 
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v;ith  Tc  and  Re^  the  average  number  of  s,p  electrons  per  atom  is  found 
to  range  from  1.7  to  1.8.  If  one  assumes  that  all  metals  of  the 

5 

second  and  third  transition  series  attain  the  d  configuration  in  the 

a  phases,  one  obtains  average  s,p  concentrations  falling  largely  in 

the  range  1.2  to  1.9  with  TaAu  and  WbPd  abnormally  high  at  2.0.  In 

the  Ta  cori^jounds  with  Os,  Ir,  and  Pt,  the  high  end  of  the  composition 

range  corresponds  to  1.3  to  1.6  s,p  electrons  per  atom,  but  the  low 

end  drops  belov;  1  s,p  electron  per  atom.  It  is  interesting  to  note  that 

the  a  phase  Hb  A1  has  an  average  s,p  electron  concentration  per 
,  3  2 

atom  of  1.2  if  the  Nb  retains  5  d  electrons  per  atom.  In  the  0 
phases  of  Or  and  V  with  metals  of  the  first  transition  series,  one 
must  assume  that  Fe,  Co,  and  IJi  retain  more  than  5^  electrons  per 
atom  in  the  a  phase  to  obtain  s,p  electrons  concentrations  of  1.2-1. 9 
per  atom.  This  is  consistent  with  the  previous  findings  for  other 
phases.  Thus  we  conclude  that  the  average  s,p  electron  concentration 
in  the  o  phase  is  generally  restricted  to  the  range  1.2  to  1.9  electrons 
per  atom. 

Revitt^^  has  reviewed  the  occurence  of  the  p  phase  and  the 
closely  related  P,  R,  and  6  phases  and  has  pointed  out  the  relation 
of  all  of  these  phases  to  the  a  phase.  All  of  them  are  characterized 
by  a  variety  of  lattice  sites  ranging  from  12  to  l6  coordination  and 
they  are  undoubtedly  stabilized  by  distribution  of  atoms  of  differing 
size  among  the  various  sites,  but  Revitt  has  pointed  out  that  the 
electron  concentration  is  the  primary  controlling  factor  in  fixing 
the  stability  ranges  of  these  phases  The  mixing  of  different 
atoms  in  each  of  the  sites  results  in  excess  entropies  and  these 
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phases  should  gain  in  stability  xvith  Increasing  temperature  compared 
to  more  ordered  phases.  Because  of  the  similarity  of  these  struc¬ 
tures,  it  might  he  expected  that  the  broadening  of  composition  ranges 
with  increasing  temperature  might  result  in  merging  of  the  phases  into 
one  extended  homogeneous  range.  At  yet  higher  temperatures,  the 
competition  of  the  expanding  composition  ranges  of  the  phases  of 
Structures  I  and  II  may  cause  a  reduction  in  the  composition  range 
of  the  more  complex  structure  region  and  a  breaking  up  again  into 
limited  regions  of  particular  stability.  In  the  phase  diagrams  v;hich 
are  presented  at  the  end  of  this  report,  the  distinction  between  P, 

R,  and  p  phases  is  not  maintained  and  the  maximum  composition  range 
in  which  any  of  these  structures  might  be  found  is  labeled  as  a  p  phase 
region.  The  5  phase  which  is  known^^  only  for  IfcNi  also  should  join 
the  p  phase  MoCo^  ^  in  the  tez-nary  diagram. 

The  importance  of  both  size  and  electron  concentrations  in  fixing 
the  stability  ranges  of  the  phases  has  been  thoroughly  covered  by 
Kevitt.^^  To  his  discussion  should  be  added  the  factor  of  competition 
among  the  various  possible  phases.  If  d"^  configurations  ai'e  assumed, 
the  average  s,p  electron  concentrations  corresponding  to  the  composition 
ranges  of  the  x  phases  are  found  to  be  between  1.4  and  2  electrons  per 
atom.  There  is  thus  overlap  between  the  electron  concentration  range 
of  the  X  phase  with  those  of  Structures  II  and  III  on  one  side  and  with 
the  a  type  phases  on  the  other  side.  This  effect  is  seen  very  clearly 
in  the  phase  diagrams  given  in  the  next  section  where  the  expanding 
range  of  the  II  structure  squeezes  out  the  x  phase  of  ITb  systems,  for 
example,  as  the  other  component  is  changed  from  a  metal  of  group  six 
to  group  ten. 
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Table  l8.  Maximum  Concentrations  in  a-Mn  in  Atomic  Percent. 


Sc 

Ti 

V 

Cr 

l>In 

Fe 

Co 

M 

Cu 

(1) 

9 

(10) 

9,~33 

100 

33 

2 

4 

<0.3 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

).5 

<1 

~3 

<5 

(10) 

12 

2 

<2 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

<1 

1 

<1 

5-5 

(5) 

<5 

<2 

Table  19 .  Ranges  of  X  Phases  of  Tc  and  Re  in  Atomic  Percent  of  Solute. 


Sc 

Ti 

V 

Tc 

12-15 

12-16 

(12-18) 

Re 

17 

(15-20) 

Zr 

Nb 

Tc 

14-20 

14-25 

Re 

14-20 

13-37 

Hf 

Ta 

Tc 

12-16 

17-20 

Re 

l4-i8 

20-37 

Cr 

I'4n 

Fe 

(15-20) 

(95-100) 

(TO) 

94.5-100 

~69 

Mo 


17-23 

W 


24-27 
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Table  20.  Maximum  Concentrations  in  p-Iin  in  Atomic  Percent. 


Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

1 

3 

7-5 

10.5 

100 

>25 

38 

>5 

0.3 

Y 

Zr 

Hb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

<0.5 

1.5 

2-3 

(5) 

(10) 

23 

<5 

<3 

<1 

La 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

(<0.3) 

(0.6) 

1 

<  2 

(5) 

(10) 

<6 

<  3 
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Table  i3  presents  the  maxinum  composition  limits  for  the  x  phase 
upon  addition  of  various  metals  to  Iln  which  has  the  x  structure  at 
low  temperatures.  The  trends  show  clearly  the  dependence  upon  electron 
concentration.  Internal  pressure  differences  are  also  important.  The 
33  at^5  Cr  composition  corresponds  to  a  phase  reported^^  to  have  a 
structure  similar  to  the  x  structure  which  is  separated  from  the  Ct-Mn 
solid  solution  range.  Internal  pressure  differences  reduce  the 
solubility  of  Mo  in  Mn  but  a  x  phase  with  1?  at  ^  Mo  is  formed  by  adding 
Mo  to  Cr-Fe  alloys.  Ti  also  forms  a  similar  x  phase  and  other  similar 
ternary  phases  can  be  expected.  Table  19  shows  the  composition  ranges 
for  the  X  phases  of  Tc  and  Re.  The  phase  diagrams  of  the  next  section 
show  that  the  x  phase  of  Wb  and  Ta  with  Tc  and  Re  are  so  extensive  that 
the  seventh  group  metals  can  be  replaced  by  metals  to  the  right  as  far 
as  Ru  and  Os  and  almost  to  Rhand  Ir.  In  addition  Fe  can  exhibit  the 
electronic  structure  of  a  body  centered  cubic  metal  in  alloys  with 
Re  yielding  a  X  phase  around  Re^^Fe^  and  a  similar  phase  is  ej5>ected  for 
Tc. 

Finally  Table  20  shows  the  composition  limits  for  the  cubic  p-Mn 
phase  (stirukturbericht  Type  13 )  which  also  can  be  considered  as 
another  electron  compound  with  about  2s, p  electrons  per  atom.  The 
references  to  the  data  of  Tables  l8  and  20  are  the  same  as  those  for 
8  and  l4.  These  references  as  well  as  those  for  Table  19  will  be 
g.iven  in  the  next  section  along  with  phase  diagrams.  The  p-Mn  phase 
requires  a  slightly  higher  electron  concentration  than  the  x  phase  and 
thus  feels  even  more  strongly  the  competition  of  the  phases  of  Struc¬ 
tures  II  and  III.  The  same  or  closely  related  structure  is  found for 
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Ag^Al,  AujAl,  Cu^Si,  and  CoZn^-  Among  transition  metal  alloys,  it  is 
found  in  "binary  systems  only  for  alloys  of  Mn,  but  nitrogen  stabilizes 
the  p-Mn  structure  in  alloys  of  Mo  with  Fe,  Co,  and  Ni.  It  is  also 

illl 

found  in  the  Wi -Mo-0,  Cr-Ni-Si,  and  Fe-Cr-W-C  systems. 

This  stabilizing  effect  of  non-metals  is  also  seen  with  the  cubic 
Ti^Ni  or  Fe  W  C  type  structure  (Strukturbericht  Type  £9^)  which  is 
related  to  the  cr  type  structures  in  containing  sites  of  high  coordination 
number.  The  binary  compounds  Sc^Pd,  Ti^CCo,  Ni),  Nb^Fe^,  HfMn,  and 
Hf2(Fe,  Co,  Rh,  Ir,  Ft)  are  known,  but  non-metals  such  as  oxygen  must 
be  present  to  stabilize  the  Ti  compounds  with  Cr,  I*In,  Fe,  Cu,  Th,  Pd, 

Ir,  and  Pt,  the  Zr  compounds  with  V,  Cr,  I^a,  Fe,  Rh,  Pd,  Ir,  and  Pt, 
the  Hf  compounds  with  Ni  and  Pd,  the  compounds  of  Mo  and  ¥  with  Mn, 

Fe,  Co,  and  Ni,  and  the  compound  Ta^I^i^O.  In  addition,  the  ternary 
compounds  Hf^Ni^M  with  M  either  Re,  Os,  or  Ru  are  known  to  exist  with¬ 
out  non-metal  participation.  Similar  carbides  are  knovm^'^^^^  and  nitrides 
are  to  be  expected.  Since  this  paper  is  restricted  to  pure  transition 
metal  systems  and  the  Ti^Ni  phase  is  expected  to  be  uncommon  in  alloys 

hk 

free  of  non-metals,  the  reader  will  be  referred  to  Nevltt  for  a 
review  of  available  information  on  these  compounds  and  a  discussion  of 
the  evidence  that  electron  concentrations  and  atomic  size  ratios  are 
primary  factors.  Hovrever  it  might  be  appropriate  at  this  point  to 
remark  briefly  upon  the  general  effect  of  non-metal  impurities  upon 
electron-con5)ounds.  Hydrogen,  oxygen,  nitrogen,  and  carbon  act  as 

p  ' 

electron  donors  in  transition  metal  systems  where  empty  d  orbitals 
are  available  in  contrast  to  their  behavior  with  metals  like  the  alkali 
metals  or  Mg  or  A1  where  the  non-metals  act  as  electron  acceptors.  In 
phase  which  are  below  their  limiting  electron  concentrations,  the 
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non-metals  usually  go  into  interstitial  positions  and  participate  mainly 
by  contributing  additional  electrons  to  the  metallic  bonding  system.  As  the 
composition  of  the  phase  approaches  its  maximum  electron  concentration,  the 
ability  of  the  phase  to  take  up  the  non-metals  is  expected  to  be  greatly 
reduced.  Due  to  the  charge  transfer  between  the  non-metal  and  metal  atoms, 
there  will  be  ordering  effects  and  coulombic  contributions  to  the  bonding 
energy  of  the  type  discussed  earlier  in  connection  with  the  CsCi  type 
structure  o 

Finally^  a  brief  mention  should  be  made  of  some  additional  structures* 
The  CJuAl^  (Strukturbericht  Type  C1.6)  structure  is  a  common  structure  in 
metal  systems,  but  in  purely  transition  metal  systems  it  is  known  only 
for  compounds  of  third  to  fifth  group  metals  with  Co  and  M  such  as  SCgCo, 
Zr  Co  Zr  ffi,  and  Ta_Wi»  Likev/ise  the  common  MoSi  (Strukturbericht  Type 
Cllj^)  structure  is  reported  only  fdr  Ti^Pd^  Zr^Pd,  ZrPd^,  Hf^Pd,  and 
HfPd  and  corresponding  compounds  of  Cu,  Ag,  and  Au  for  purely  transition 

^  kh 

metal  systems  and  the  reader  is  referred  to  Wevitt's  review  for  a  more 

detailed  discussion  of  these  structures. 

The  tetragonal  structure  found  in  the  Ef-Re,  Zr-Re,  and  Ti-Ife  systems 
is  probably  related  to  the  a  structure  but  seems  to  form  at  lower  electron 
concentrations.  If  the  relationship  to  the  o  structure  is  correct  then 
it  might  be  expected  to  extend  from  the  Re  system  of  Zr  and  Hf  through 
Os  and  Re  and  possibly  as  far  as  Pt.  A  phase  reported  at  Zr^Rh  might  also 
be  of  this  group. 

The  orthorhombic  CrB  tj'pe  structure  is  known  for  Ca  with  Ge,  Sn, 
and  Si;  Gd  and  Dy  with  Ga  and  Ge;  PrGe;  Th  with  Al,  Fe,  Co,  Rh,  Ir,  and 
Pd;  and  for  Ce,  Pu,  Zr,  and  Hf  with  Ki.  The  Zr^^Hi^^  phase  which  also 
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occurs  for  Hf  is  closely  related.  This  structure  is  expected  for  Y,  la, 
and  many  of  the  other  lanthanides  and  actinides  with  transition  metals  of 
groups  eight  to  ten.  It  i.s  possible  that  HfPd,  ZrPd,  and  TiPd  might  also 
have  this  structure.  TaBh,  Kb'Rh,  and  KbPd  are  additional  phases  of  unknovm 
structure  v/hich  might  havi'’  th"  P^,  structure  although  the  p  structure  is  more 
likely  for  these  last  three  ph  .S'  S.  The  FeB  structure  is  knovm  for  Gd 
and.  Dy  with  Hi  and  Pt  and  for  CeCu.  It  is  expected  mostly  for  the  middle 
and  second  half  of  the  lanthanides  with  the  tenth  group  transition  metals 
and  the  first  half  of  the  lanthanides  with  Cu  and  Au.  A  large  fraction 
of  the  AB  compounds  of  the  third  group  metals  and  lanthanides  and 
actinides  with  transition  metals  of  the  iron  and  platinum  groups  and  of 
the  Ag,  Cd,  and  In  groups  are  of  the  CsCl  structure  which  has  beezi 
discussed  earlier.  The  competition  between  these  structures  is  determined 
by  electronic  configuration  and  relative  sizes. 

The  BI9  AuCd  or  MgCd  structure  is  known  for  MoPt,  IJbRh,  and  VPt. 

It  probably  extends  to  VIr  and  VOs  and  may  also  be  the  structure  ol  Tax't 
and  NbPt.  It  covers  a  range  of  electron  concentrations  higher  than  one 
would  expec"  for  the  p  phases  and  slightly  less  than  for  Structure  II  and 
occurs  in  systems  where  the  X  phase  is  excluded.  The  E8  WiAs  structure, 
which  is  a  common  system,  is  rare  for  purely  transition  metal  systems 
and  only  in  the  Ta-Rh  system  is  there  a  phase  which  might  be  described 
as  a  distortion  of  the  NLis  structure. 
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VIII.  Multicomponent  Phase  Diagrams  of  the  Transition  Metals 


The  previous  sections  have  used  an  inductive  analysis  of  the 
availalle  phase  diagram  data  for  the  transition  metal  systen'is  to 
establish  a  correlation  betv/een  phase  behavior  and  s-p  or  d  electron 
concentrations,  internal  pressures,  and  radius  ratios.  The  rules 
illustrated  in  the  previous  sections  allow  one  to  translate  known 
phase  behavior  into  an  electron  distribution  between  s-p  and  d  electrons 
which  becomes  the  primary  parameter  for  predicting  behavior  in  unknown 
systems.  The  following  phase  diagrams  represents  the  combination  of 
known  data  together  with  the  predictions  of  the  Engel  correlation. 

It  is  not  feasible  to  present  more  than  a  small  fraction  of  the 
two  billion  multicomponent  phase  diagrams  of  the  thirty  metals  being 
considered  in  this  paper.  Fortunately,  the  phase  behavior,  at  least 
at  high  temperatures,  is  quite  simple  for  the  various  combinations  of 
the  eighteen  metals  of  the  first  six  groups  and  no  diagrams  are  necessary 
to  supplement  the  discussion  of  Section  IV.  Likev/ise  the  diagrams  for 
combinations  of  the  metals  of  the  seventh,  eighth,  ninth,  and  tenth 
groups  are  simple  enough  so  that  no  diagrams  are  considered  necessary 
to  supplement  the  detailed  discussions  of  these  diagrams  in  the 
previous  sections  except  for  combinations  of  Tc,  Re,  and  Ru  with  the 
first  transitions  series  metals  Mn  to  Ki.  Of  the  remaining  systems, 
it  has  been  chosen  to  represent  diagrams  for  combinations  of  metals  of 
the  fourth  to  sixth  gro^s  with  metals  of  the  seventh  to  tenth  groups. 

I  All  diagrams^are  projections  of  phase  regions  over  the  entire 
temperature  region  up  to  the  solidus  temperatures.  The  composition  ranges 
given  thus  represent  the  maximum  I'anges  at  the  optimum  temperature  for  / 
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l^each  phase^  The  phases  shov.'n  do  not  necessarily  exist  at  a  conraon 
temperature.  When  the  maximum  composition  ranges  of  ajoining  phases 
overlap  to  a  large  extent,  the  limiting  composition  range  of  the  low 


temperature  form  is  indicated  as  a  dotted  line.  In  some  instances 
v/here  the  maximum  ranges  Just  harely  overlap,  the  drawings  do  not  show 


any  overlap  to  avoid  any  confusion  in  regard  to  identification  of  the 
phases.  I,  II,  and  III  identify  the  body-centered  cubic,  hexagonal 
close-packed,  and  face-centered  cubic  phases.  L  represents  any  of  the 
five  Laves  phases  of  ideal  composition  AB^  or  AB^.  X  represents  the 
a-manganese  structure,  a  will  be  used  for  the  a  phase  region  and  p 
will  be  used  for  the  p,  P,  R,  and  r  phases’.  For  the  remaining  phases,  the 
Strukturbericht  designations  are  used:  AI5  for  Cr^Si  type,  CI6  for  CuAlg 
type,  Cllb  for  MoSi^  type,  and  £9^  for  Ti^Ni  type,  etc.. as  shovm  in  Table  21 
r~A  simplified  method  of  representing  multicomponent  phase  diagrams 
is  used.  Figure  10,  the  diagram  for  alloys  of  Ta  v/ith  W,  Re,  Os,  Ir, 
and  Pt,  can  be  used  to  illustrate  the  method.  The  horizontal  scale 
gives  the  composition  in  atomic  percent  with  100^  Ta  on  the  left  and 
100^  of  the  alloying  metal  on  the  right.  The  top  horizontal  line 
represents  the  binary  Ta-W  system.  A  horizontal  line  at  the  level  of 
the  symbol  Re  represents  the  binary  Ta-Re  system,  etc.  A  horizontal 
line  half-way  between  Re  and  Os,  for  example,  would  represent  an 
equimolal  mixture  of  Re  and  Os  mixed  with  Ta  with  100^  Ta  at  the  left 
and  O^b  Ta  at  the  right.  The  various  horizontal  lines  that  can  be  drawn 


between  Re  and  Os  correspond  to  various  ratios  of  Re  and  Os  in  alloys 
with  T^  For  most  of  the  systems  chosen  the  internal  pressures  and 
sizes  of  the  atoms  are  close  enough  together  so  that  different  com¬ 


binations  of  metals  yielding  the  same  electron  concentration  show 


UCRL-10701 


-7h- 


Table  21. 

Symbols  Used  in  Figures  to  Designate  Phase  Regions. 

Figure 

Structure 

Designations 

Crystal  Type 

Designation 

I 

body  centered  cubic 

A2  and  B2 

II 

hexagonal  close  packed 

A3,  M24,  TiC 

III 

face  centered  cubic 

Al,  LI 

TiAl 

tetragonal  ^ 

0 

0 

ro 

ro 

III 

and  CuAu 

^^0 

L 

cubic  MgCu^ 

C15'" 

> 

f 

j 

L 

hexagonal  MgZln^ 

ci4 

i 

1 

L 

hexagonal  MgNi^ 

C36 

1 

1 

>  Laves  phases 

L 

face  centered  cubic  UMi_ 

ci5^ 

L 

hexagonal  CaCu^ 

^"d 

A 15 

cubic 

A15  j 

a 

tetragonal  p-U 

tetragonal  HfRe 

V- 

WgFe 

rhombohedral 

“5 

and  Mo^e^Ni^ 

p 

MoNi 

6 

orthorhombic 

and  TigMn^ 

R 

X 

cubic  a-Mn 

A12 

p 

cubic  p-Mn 

AI3 

E93 

face  centered  cubic  Ti^Ni 

E93 

tetragonal  14)312 

C16 

tetragonal  CuAl^ 

CI6 

orthorhombic  CrB  and  Zr^Ni^^ 

®f 
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approximately  the  same  phase  ''-•ehavior.  Thus  the  horizontal  line 
half  way  between  Re  and  Os  intersects  the  phase  boundaries  at 
compositions  corresponding  to  the  behavior  of  a  system  of  Ta  mixed 
with  a  equimolal  mixture  of  Re  and  Os.  This  same  horizontal 
line  also  represents  the  mixing  of  Ta  with  an  equimolal  mixture  of 
V/  and  Ir,  the  mixing  of  Ta  v;ith  an  alloy  containing  25^  each  of  W, 

Re,  Os,  and  Ir  or  any  mixture  of  ¥,  Re,  Os,  Ir,  and  Pt  which  averages 
out  to  7*5  valence  electrons  per  atom.  The  major  difference  between 
binary  systems  and  multicomponent  systems  of  the  same  electron 
concentration  will  be  an  increased  stabilization  of  phases  with  non¬ 
equivalent  sites  such  as  0  and  x  phases  compared  to  phases  with 
equivalent  sites  such  as  face-centered  cubic,  for  example.  With  this 
use  of  the  diagrams,  each  diagram  corresponds  to  a  large  number  of 
multicomponent  diagrams.  This  use  of  the  diagrams  for  multicomponent 
systems  v/orks  best  for  metals  of  the  third  transition  series  and  poorest 
for  metals  of  the  first  transition  series. 

The  reference  numbers  after  each  binary  line  of  the  diagram  refer 
to  the  latest  publications  or  compilations  which  in  turn  give  references 
to  the  complete  bibliography  for  work  done  on  the  binary  system.  If 
a  complete  phase  diagram  over  the  entire  temperature  range  below  the 

solidus  curve  is  available,  the  reference  number  is  marked  with  a 
** 

double  star  .  If  the  published  diagram  is  incomplete,  but  substantial 

data  are  available  on  the  effect  of  temperature  on  the  composition 

ranges  of  the  phases,  the  reference  number  is  marked  with  a  single 
* 

star  . 
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For  structures  with  a  number  of  non-equivalent  sites  such  as  the 
such  as  the  a,  |i,  x  and  related  phases,  it  is  expected  that  the  range 
of  stability  is  smaller  in  binary  systems  than  in  ternary  of  higher 
components  systems.  This  is  indicated  by  a  narrowing  of  the  phase 
region  at  each  binary  intersection,  e.g.,  the  a  phase  region  of  Fd  with 
Wf  Re,  Os,  Ir,  and  ?t  in  Fig.  11.  If  equi  molal  alloys  of  Pt  and  Os  are 
mixed  with  Kb,  it  is  expected  that  a  wider  a  phase  region  would  be  obtained 
than  if  Ir  were  mixed  with  Kb.  For  the  multicomponent  systems,  the 
e^qpected  o  phase  region  would  be  the  envelope  of  the  indicated  boundaries 
without  any  flex  points. 

The  curves  have  been  slightly  distorted  in  some  instances  to  avoid 
crossing  where  overlapping  is  small  to  simplify  the  presentation  of  the 
figures.  In  instances  where  metals  such  as  Iln  and  Fe  have  several 
structures,  the  diagram  has  been  simplified  by  omitting  the  areas  of  the 
structures  of  small  extent  as  this  information  is  given  in  Tables  8,  9^ 
l4,  15,  18,  and  20.  The  Structure  II  ranges  of  the  fourth  group  metals 
have  not  been  indicated  as  they  are  very  small  in  all  the  diagrams.  In 
a  few  instances  the  miscibility  gap  betv;een  body-centered  cubic  I-In  and 
Fe  has  been  omitted  for  simplicity. 

The  use  of  the  dotted  lines  might  be  illustrated  by  Fig.  26.  The 
a  phase  of  Mo  forms  a  continuous  range  from  Ifa.  to  Co.  However,  in  the 
center  portion  for  compositions  in  the  vicinty  of  Fe,  the  a  phase  is 
unstable  at  high  temperature  with  respect  to  the  disordered  body-centered 
cubic  phase.  The  dotted  lines  indicate  the  compositions  which  are  stable 
only  at  lov;  temperatures.  The  structure  II  range  starting  at  pure  Co  is 
bounded  by  dotted  lines  except  in  the  vicinity  of  MoCo^  as  it  is  stable 
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only  at  low  temperatures  for  most  of  its  range  and  changes  to  Structure  III 
at  high  temperatures.  Structure  III  which  is  the  high  temperature  form 
for  Ni  and  Co  is  shown  bounded  by  a  solid  line  which  changes  to  dotted 
between  Co  and  Fe  where  structure  III  transforms  to  Structure  I  at  high 
teinperatures.  The  boundary  becomes  solid  again  between  Fe  and  Mn.  The 
boundary  of  Structure  I  becomes  dotted  as  it  approaches  the  25Fe75Co 
composition  since  Structure  III  is  the  stable  high  temperature  form  with 
less  than  10  atomic  percent  Mo.  Similarly,  the  x  region  is  bounded  by 
solid  lines  in  the  region  of  10-20  atomic  percent  Mo  but  becomes  dotted 
at  lower  concentrations  v/here  p-I-bi  becomes  the  form  stable  at  high 
temperatures. 

In  a  composition  region  bounded  by  solid  lines,  there  is  only  one 
structure  possible.  Composition  regions  bounded  by  dotted  lines  have  two 
or  more  structures.  The  structures  possible  for  a  dotted  region  can  be 
determined  by  noting  the  phase  designations  in  the  regions  bounded  by 
solid  lines  and  following  the  extensions  of  the  solid  lines  as  they 
change  to  dotted  lines.  Region  bounded  by  dotted  lines  will  not  have  a 
phase  designation  if  the  phase  has  any  composition  range  v;hich  does  not 
transform  to  another  solid  phase  before  reaching  contact  with  the  liquidus 
curve  and  thus  will  extend  into  a  range  bounded  by  solid  lines . 

Referring  again  to  the  lower  right  hand  comer  of  Fig.  26,  only  those 
portions  of  the  composition  regions  of  Structure  II  and  III  where  one 
phase  forms  are  labeled.  Structure  III  forms  at  high  temperatures  for 
all  compositions  to  the  right  of  the  solid  line  starting  at  J2  atomic  percent 
Ni.  This  line  continues  as  a  dotted  line  through  the  Structure  I  region 
between  Fe  and  Co,  but  all  compositions  to  the  right  of  this  line  can  form 
Structure  III.  Structure  II  can  form  between  the  two  lines  starting  on  the 
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right  hand  side  at  10Fe90Co  and  201118000,  respectively,  and  ending 
at  the  bottom  at  7^Ni26Mo  and  73^2^140,  respectively.  Only  in  the  portion 
that  extends  to  the  left  of  the  Structure  III  boundary  and  which  is 
bounded  by  solid  lines  is  Structure  II  not  converted  to  Structure  III 
at  high  temperatures.  In  most  instances,  the  identification  of  the 
phases  possible  in  these  overlapping  areas  is  quite  obvious. 

In  the  preparation  of  these  figures,  the  available  e3<perimental 
data  have  been  treated  in  three  ways.  First  there  are  quite  complete 
data  of  unquestioned  reliability  for  some  systems  and  this  is  presented 
unaltered  in  the  figures.  In  other  instances,  several  conflicting 
observations  have  been  reported  in  the  literature  and  the  Engel, 
correlation  has  been  used  to  select  from  among  the  conflicting  data.  In 
other  Instances,  single  investigations  have  been  reported  which  appear 
to  be  in  error.  When  some  internal  inconsistencies  are  apparent  which 
allow  rejection  of  such  data,  this  has  been  done.  However,  when  there 
is  no  substantial  basis  for  rejection  of  the  data,  they  have  been  presented 
in  the  figures  as  reported.  In  very  many  instances,  no  data  have  been 
reported  and  the  Engel  correlation  has  been  used  to  predict  existence 
of  phases  and  their  ranges,  but  this  has  been  done  in  a  conservative 
manner  and  extrapolations  have  not  been  carried  too  far  from,  existing  data; 
so  that  these  figures  can  be  used  as  representative  of  the  existing 
experimental  data. 

Hov/ever,  the  discussion  in  the  text  and  the  methods  described  there 
can  be  used  by  the  reader  to  make  more  extended  extrapolations  and  to 
extend  this  treatment  outside  the  group  of  30  metals  treated  in  the  figures, 
tables,  and  discussion  of  this  paper.  To  aid  in  such  extentions,  the 
internal  pressure  data  which  were  discussed  in  Section  III  are  tabulated 
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in  Table  23  and  the  tables  of  crystal  structures  of  the  eleraents  and  enthalpies 
of  sublimation  of  the  elements  from  reference  2  are  given  in  Table  22  and  24 
at  the  end  of  this  paper. 
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Body  centered  cutic,  A2.  II:  Hexagonal  close  packed,  A3-  III:  Cubic  close  packed,  Al.  IV:  Diamond,  Ak. 

Asterisk  denotes  complex  structure.  Diatomic  molecules  with  double  or  triple  bonds.  ^Diatomic  molecule  with  a 

d  e 

single  electron  pair  bond.  Atoms  v^hich  form  two  single  bonds  per  atom  to  form  rings  or  infinite  chains.  Three 

f 

single  bonds  per  atom,  corresponding  to  a  puckered  planar  structure.  The  graphite  structure  where  one  resonance 

f7 

form  consists  of  two  single  and  one  double  bond  per  atom.  “T^arentheses  indicate  slight  distortions. 
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